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I. L’érosion de la biodiversité 
I.1. Le concept de biodiversité 
 
Dès l’antiquité la diversité du monde vivant fascine et l’on parle volontiers de 
« nature » pour décrire le monde qui nous entoure. Il n’est pas facile de dater  
l’émergence du concept de « diversité biologique », cependant son invention  
serait créditée à Thomas Lovejoy dans les années 1980 (Izsák & Papp, 2000; 
Magurran, 2004). Rapidement, la contraction de « diversité biologique » en 
« biodiversité » (proposée par Walter G. Rosen lors du Forum National sur la 
BioDiversité tenu en 1986) a permis d’introduire ce concept à un plus large public 
que la seule communauté scientifique (Magurran, 2004). Mais c’est après le 
sommet mondial sur l’environnement et le développement tenu en 1992 à Rio, 
que son utilisation est devenue courante. Pendant des années, le terme de 
biodiversité est régulièrement utilisé parce que sa popularité permet d’attirer des 
financeurs sur des travaux de recherches théoriques dont l’intérêt est souvent 
difficile à démontrer à court terme (Hamilton, 2005). Tantôt utilisé comme 
synonyme de la richesse spécifique d’un milieu donné, tantôt décrivant de 
manière plus large l’ensemble du vivant (Hamilton, 2005) plus de 85 définitions 
différentes ont été recensées dans la littérature scientifique (Delong, 1996) 
soulignant le flou qui règne alors autour de ce concept. En 2005, la Convention 
sur la Diversité Biologique (CBD) propose de définir la biodiversité au sens large 
comme la « variabilité des organismes vivants de toute origine y compris, entre 
autres, les écosystèmes terrestres, marins et autres écosystèmes aquatiques et les 
complexes écologiques dont ils font partie ; cela comprend la diversité au sein des 
espèces (intraspécifique) et entre espèces (interspecifique) ainsi que celle des 
écosystèmes ». Cette définition implique que la biodiversité ne se réfère pas 
seulement à une somme d’espèces (richesse spécifique) mais bien à différents 
niveaux d’organisations emboités ainsi qu’à leurs interactions.  
De façon plus spécifique, la biodiversité est souvent qualifiée de « multi-facettes » 
dans la littérature scientifique (Devictor et al., 2010; Meynard et al., 2011). Ces 
différentes facettes référant en général à la richesse spécifique, la diversité 
phylogénétique et la diversité fonctionnelle. 
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Figure 1 Schéma récapitulatif de liens entre les activités humaines et les changements globaux qui 
influencent la biodiversité d’une part et la stabilité et le fonctionnement d’autre part. Le tout ayant une 
influence sur la fourniture et la qualité des services des écosystèmes dont l’Homme dépend.  
!
!
!
!
!
!
Changements globaux 
Populations Humaines 
Taille, utilisation des ressources 
Activités Humaines 
Industrie, agriculture, commerce international 
Utilisation des 
terres 
 
Déforestation 
Intensification du 
pâturage 
Foresterie 
Cycles 
biogéochimiques 
 
Carbone 
Nitrogène 
Eau 
Autres éléments 
 
Modifications 
biotiques 
 
Invasions 
Chasse 
Pêche 
!
Changements 
climatiques 
 
Effet de serre 
Aérosols 
!
Fonctionnement des 
écosystèmes 
Maintien des processus 
naturels 
Biodiversité 
espèces, gènes, fonctions 
diversité, richesse 
Stabilité des 
écosystèmes 
Résistance  
Résilience 
Services des écosystèmes 
Provision, régulation, support, culture  
Bien-être des Humains 
Qualité de vie 
INTRODUCTION 
 5 
I.2 L’érosion de la biodiversité, une conséquence des changements globaux 
 
Aujourd’hui la biodiversité est fortement menacée. Depuis la naissance du vivant 
(il y a 3,8 milliard d’années), la terre a été le théâtre de plusieurs crises majeures 
de la biodiversité caractérisées par l’extinction massive d’espèces. Bien que les 
causes de ces extinctions soient débattues, elles résultent toutes de phénomènes 
naturels (ex : glaciation, chute de météorites, libération de méthane, (McElwain & 
Punyasena, 2007). A l’inverse, la crise actuelle de la biodiversité est la première 
que l’on peut imputer aux activités humaines. On attribue généralement le début 
de cette crise à la révolution industrielle au XIX
ème
 siècle (Dawson et al., 2010; 
Fritz & Purvis, 2010), époque à laquelle on bascule d’une société à dominante 
agraire et artisanale vers une société commerciale et industrielle. Cette révolution 
se caractérise par un changement radical des moyens de produire et de consommer 
et est marquée par l’augmentation de la pression que l’Homme exerce sur les 
écosystèmes (Sanderson et al., 2002).  
La principale cause de l’érosion de la biodiversité est la transformation des 
habitats (ex : agriculture, urbanisation, déforestation, fragmentation des habitats, 
(Pimm & Raven, 2000, Figure 1). En effet, l’accroissement rapide de la 
population humaine entraine une augmentation constante de la demande en 
produits agricoles qui se traduit par une transformation des modes de productions 
(Vitousek, 1997; Foley et al., 2005). Ces nouvelles pratiques ont provoqué la 
modification des cycles biogéochimiques (notamment celui du carbone et de 
l’azote) avec une augmentation du taux de C02 libéré dans l’atmosphère qui est en 
partie à l’origine du réchauffement climatique actuel (Vitousek, 1994, 1997).  
La deuxième cause majeure d’érosion de la biodiversité est liée au développement 
des infrastructures et des voies de transports terrestres, aériennes et maritimes qui 
ont favorisé la mobilité des espèces et ainsi permis la colonisation de quasiment 
tous les écosystèmes par des espèces exogènes. Ces espèces invasives 
représentent aujourd’hui une menace majeure pour les écosystèmes qu’elles 
envahissent (Vitousek, 1997; Chapin et al., 2000).  
Ces changements globaux agissent en synergie sur la biodiversité (Vitousek, 
1997; Parmesan, 2006) et sont à l’origine de l’augmentation des taux d’extinction 
des espèces (Figure 2), mais peuvent aussi modifier la phénologie (Menzel & 
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Fabian, 1999) et la répartition de certaines espèces (Thuiller et al., 2005; Bellard 
et al., 2012) et agir sur les processus écosystémiques (Chapin et al., 2000) qui 
contrôlent les flux d’énergie, de matières organiques et de nutriments dans 
l’environnement (Cardinale et al., 2006, Figure 1).  
 
I.3 Pourquoi protéger la biodiversité. 
 
La valeur qu’on accorde à la biodiversité est une notion débattue tant dans sa 
définition que dans la manière de la quantifier. Cependant, la Fondation pour la 
Recherche sur la Biodiversité distingue des valeurs de trois natures : les valeurs 
intrinsèques, patrimoniales et instrumentales (FRB, 2013). La valeur intrinsèque 
de la biodiversité repose sur l’idée que la protection de la biodiversité dans son 
ensemble (sans distinction entre les espèces ou les écosystèmes) est un devoir 
moral de l’Homme. Dans cette définition l’Homme fait partie de la biodiversité au 
même titre que les autres être vivants et se doit donc de la respecter. La valeur 
patrimoniale de la biodiversité donne un attribut culturel et identitaire à la 
biodiversité ; dans cette définition, l’Homme se doit de protéger la biodiversité 
parce qu’elle représente une histoire qu’il faut préserver pour les générations 
futures. Enfin dans sa version la plus « économique », la biodiversité est perçue 
comme une valeur instrumentale. Cette définition est liée aux profits que 
l’Homme peut tirer de la biodiversité. Dans ce contexte on parle souvent des 
« biens et services des écosystèmes » tels que la production de bois de chauffage, 
la séquestration du carbone atmosphérique ou encore la pollinisation des arbres 
fruitiers (MEA, 2005).  
Les services des écosystèmes (ou services écologiques) sont définis comme les 
bénéfices que l’humain peut obtenir de la nature sans avoir à agir pour les obtenir 
(définition du Millenium Ecosystem Assessment, MEA, 2005).  Ils sont regroupés 
selon 4 catégories : les services d’approvisionnement, de soutien, de régulation et 
les services culturels. Les services fournis par les écosytèmes sont dépendants de 
la biodiversité et de son maintien (Figure 1). Aujourd’hui protéger la biodiversité 
pour assurer le fonctionnement des écosystèmes et donc la fourniture des services 
écosystémiques est devenue un objectif global de conservation (Mace et al. 2003). 
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Figure 2. Comparaison des taux d’extinctions des espèces au cours du temps. 
Le passé ancien fait référence au taux d’extinction naturelle des mammifères obtenu à partir des 
données fossiles (EM, 2005). Le passé récent fait référence aux extinctions de mammifères, 
amphibiens et oiseaux documentées au cours du 20ème siècle estimé à partir de la liste rouge des 
espèces (Baillie et al. 2004). Le future est représenté par les prévisions d’évolution des taux 
d’espèces selon différents scénarios mondiaux: les oiseaux (Jetz et al. 2007 pour la période de 
temps 2000-2050), les plantes vasculaire (Van Vuuren et al. 2006 pour la période 1995 à 2050) et 
divers groupes d’espèces animales (Thomas et al. 2004 pour la période 2000-2050 et Malcom et al. 
2006-2100). Cette figure montre que bien que la prédiction des extinctions future soit incertaine 
elle est tout de même toujours largement supérieur au taux d’extinction naturelle passé.  
Source: adapté du cahier technique n°50 de la CBD  
(https://www.cbd.int/doc/publications/cbd-ts-50-fr.pdf).  
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II. Vers une approche multi-facettes de la biodiversité. 
 
II.1. Diversité spécifique, phylogénétique et fonctionnelle : trois facettes de la 
biodiversité 
 
La biodiversité peut être mesurée à plusieurs niveaux d’organisation (individu, 
espèce, communauté, écosystème). A l ‘échelle de la communauté - définie ici 
comme un ensemble d’organismes représentant de multiples espèces en un temps 
et lieu donnés (Vellend, 2010) – on peut distinguer trois composantes ou 
« facettes » de la diversité : les diversités spécifique, fonctionnelle et 
phylogénétique (Devictor et al., 2010).  
 
Richesse et diversité spécifique 
 
On peut caractériser la diversité d’une communauté comme une quantité 
d’espèces qui co-existent dans un même site. Avec des données de présences et 
absences, la diversité de la communauté est alors un simple comptage des espèces 
qui la composent, on parle de richesse spécifique. Il est possible, en plus du 
nombre d’espèces, de regarder dans quelles proportions ces espèces se distribuent 
(ex : nombre d’individus par espèce), dans ce cas on parle de diversité spécifique 
(Magurran, 2004). Richesse et diversité spécifique sont des approches qui 
considèrent les espèces comme des entités indépendantes faisant abstraction de 
leurs différences ou similarités. 
 
Diversité phylogénétique 
 
La diversité phylogénétique prend en compte l’histoire évolutive des espèces. Les 
relations entre espèces vivantes aujourd’hui peuvent être regardées sous la forme 
d’un arbre qui retrace leur évolution par rapport à un ancêtre commun (Cadotte & 
Davies, 2010). Dans un arbre phylogénétique, plus les espèces sont éloignées, 
plus elles ont divergé dans un passé lointain et plus le patrimoine génétique qui les 
caractérise est différent. Selon comment elle est quantifiée, la diversité 
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phylogénétique peut représenter une quantité d’histoire évolutive accumulée (ex : 
indice de Faith, 1992) ou encore le degré de similarité entre les espèces qui 
composent la communauté (ex : l’entropie quadratique, Rao, 1982a). Avec une 
approche espèce centrée, il est aussi possible de quantifier le degrés de 
contribution de chaque espèce à la diversité phylogénétique totale de la région 
(Isaac et al., 2007; Redding et al., 2008; Schweiger et al., 2008). En effet les 
espèces provenant d’un vieux clade monotypique pauvre en espèce représentent 
une part plus importante de l’histoire évolutive totale qu’une espèce issue d’un 
plus jeune clade qui a diversifié massivement et récemment. On parle souvent 
d’espèces évolutivement uniques ou originales pour qualifier ces espèces très 
distinctes des autres.  
 
Diversité fonctionnelle 
 
Les espèces ne diffèrent pas les unes des autres seulement par les gènes qu’elles 
possèdent mais aussi par leurs caractéristiques écologiques, morphologiques, 
phénologiques ou encore physiologiques. Ces caractéristiques peuvent être 
mesurées par les traits fonctionnels. On définit la diversité fonctionnelle comme 
l’éventail des valeurs de traits fonctionnels d’une communauté (Díaz & Cabido, 
2001) où un trait fonctionnel est une caractéristique d’un individu qui influence 
son fitness via son effet sur la croissance, la survie et la reproduction (Violle et al., 
2007). Chez les animaux par exemple, un trait fonctionnel peut être la masse 
corporelle ou encore le régime alimentaire de l’espèce. Tout comme la diversité 
phylogénétique, les relations fonctionnelles entre espèces peuvent être 
représentées sous la forme d’un diagramme qu’on appelle dendrogramme 
fonctionnel. Un dendrogramme fonctionnel est construit sur la base d’une matrice 
de distance fonctionnelle elle-même construite à partir des valeurs de traits qui 
caractérisent chacune des espèces (Petchey & Gaston, 2002, 2007). Dans un 
dendrogramme, des espèces proches auront une combinaison de traits plus 
similaires que deux espèces à l’opposé l’une de l’autre.  
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II.2 Intérêts des approches phylogénétique et fonctionnelle en écologie et 
conservation 
 
Diversité fonctionnelle pour prédire le fonctionnement des écosystèmes  
 
Les relations entre biodiversité et processus écologiques (ex : productivité 
primaire, cycle des nutriments, transferts trophiques) sont bien documentées ; on 
dispose ainsi de preuves empiriques témoignant d’une relation positive entre la 
richesse en espèces d’un milieu et le fonctionnement des écosystèmes 
(synthétisées dans Sankaran & McNaughton, 1999; Schwartz et al., 2000). 
Cependant il a été avancé que les taux et l’amplitude des processus 
écosystémiques seraient plutôt dépendants du type de traits que les espèces 
exhibent plutôt que de l’espèce elle-même (Jones et al., 1997; Grime, 1998; Díaz 
& Cabido, 2001). Dans ce contexte, la diversité fonctionnelle a été proposée 
comme un outil prometteur pour étudier les processus écologiques (Hooper et al., 
2005). Notamment elle jouerait un rôle dans la dynamique d’utilisation des 
ressources. Le mécanisme invoqué pour expliquer cette relation positive est la 
complémentarité de niches. Des espèces caractérisées par des traits fonctionnels 
très différents ont plus de chances de dépendre de ressources différentes et de les 
utiliser au moyen de différentes stratégies, il en résulte que l’utilisation des 
ressources dans le temps et l’espace se fait de manière plus efficace. En 
conclusion, un milieu caractérisé par des espèces portant des traits très différents 
(forte diversité fonctionnelle) expliquerait l’augmentation du taux et de 
l’amplitude de l’utilisation des ressources sur le cours terme (Díaz & Cabido, 
2001; Flynn et al., 2011). D’autres études ont aussi montré l’impact de la diversité 
fonctionnelle sur la stabilité des écosystèmes. L’hypothèse émise pour expliquer 
la relation positive entre diversité fonctionnelle et stabilité est que les espèces 
réagissent différemment face aux perturbations (ex : gel, feu, sècheresse), et qu’un 
écosystème formé d’espèces très différentes pourrait être plus à même de se 
maintenir dans un contexte de changement environnemental (Johnson et al., 
1996).
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La diversité phylogénétique comme proxy de la diversité fonctionnelle 
 
Un des facteurs limitant en écologie fonctionnelle est la difficulté d’acquérir des 
données de traits pour un grand nombre d’espèces, d’autant plus que les liens 
entre un trait et une fonction écologique donnée ne sont pas toujours évidents 
(Flynn et al., 2011). Lorsque que l’on ne dispose pas de données de traits ou 
qu’elles sont insatisfaisantes, les mesures de diversité phylogénétique peuvent être 
une alternative (Cadotte et al., 2008; Cadotte & Davies, 2010; Flynn et al., 2011; 
Srivastava et al., 2012). En effet un arbre phylogénétique représente les taux et le 
temps d’évolution des espèces et pourrait donc être une mesure intégrative de 
toutes les différences phénotypiques des espèces (Cadotte & Davies, 2010; 
Cadotte et al., 2010), voir même être une mesure qui encapsule plus d’information 
que la mesure discrète d’un trait fonctionnel (Vane-Wright et al., 1991). Si on fait 
l’hypothèse que la diversification évolutive a aussi engendré une diversification 
des traits portés par les espèces, alors une communauté caractérisée par des 
espèces distinctes du point de vue phylogénétique a des chances d’être composée 
d’espèces fonctionnellement très différentes et donc complémentaires en terme de 
fonctions dans l’écosystème (Díaz & Cabido, 2001). A ce compte là, la diversité 
phylogénétique serait donc un bon indicateur des processus écologiques (Cadotte 
& Davies, 2010). Par exemple Cadotte et al. (2008) a montré une relation positive 
entre le degré de différence phylogénétique de communautés de plantes et la 
production de biomasse (Cadotte et al., 2008). Le mécanisme invoqué est la 
complémentarité fonctionnelle de niches qui permet la co-existence de plus 
d’espèces se traduisant par un effet positif sur la production de biomasse. 
Cependant, lorsqu’on utilise la diversité phylogénétique comme proxy de la 
diversité fonctionnelle, on fait l’hypothèse que les traits sont conservés le long de 
la phylogénie. Cette hypothèse ne sera donc valable que dans le cas d’un fort 
signal phylogénétique (Cavender-Bares et al., 2009; Flynn et al., 2011), or 
certaines études ont montré que ce n’était pas toujours le cas (Freckleton et al., 
2002; Fritz & Purvis, 2010; Kluge & Kessler, 2011). 
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Diversité phylogénétique et fonctionnelle en conservation 
 
En conservation, l’intégration de mesures de diversités phylogénétique et 
fonctionnelle a été proposée pour plusieurs raisons. En premier et comme 
expliqué ci-dessus, ces deux facettes de diversité semblent importantes pour le 
maintien et la stabilité des processus écologiques et donc des services 
écosystémiques (Cadotte et al., 2011; Srivastava et al., 2012). Du point de vue de 
l’espèce, la perte d’une espèce fonctionnellement distincte des autres conduirait à 
la perte irréversible d’une fonction dans l’écosystème (Bracken & Low, 2012). De 
même, l’extinction d’une espèce qui provient d’un vieux clade monotypique 
pauvre en espèces représenterait une perte d’histoire évolutive (espèce originale) 
bien plus importante qu’une espèce provenant d’un clade plus jeune et riche en 
espèces (May, 1990; Mace et al., 2003). Cependant conserver ces espèces est 
potentiellement un vrai challenge. En effet, certaines études ont prédit que 
l’extinction des espèces le long de la phylogénie ne dépendait pas de processus 
aléatoires et que certains clades étaient plus à risque de s’éteindre que d’autres 
résultant en des pertes importantes d’histoire évolutive (Purvis, 2000). 
 
D’un point de vue de la communauté, la diversité phylogénétique serait un bon 
proxy du potentiel évolutif c’est à dire la capacité des espèces à évoluer pour 
répondre aux changements environnementaux (Lavergne et al., 2010; Mouquet et 
al., 2012). Certaines études laissent penser qu’une augmentation de la diversité 
phylogénétique pourrait être à l’origine de l’augmentation du potentiel 
d’adaptation évolutif des espèces face aux changements climatique. D’autant plus 
qu’il a été montré récemment que les changements globaux pouvaient avoir des 
conséquences sur ces deux facettes (Thuiller et al., 2011 et Annexe 3, Thuiller et 
al., 2014b). 
 
Jusqu’ici les tentatives d’inclure les diversités phylogénétique (Faith, 1992; 
Rodrigues & Gaston, 2002a; Forest et al., 2007) et fonctionnelle (Strecker et al., 
2011) dans des stratégies de conservation sont restées rares.  
 
 
INTRODUCTION 
 13 
Comparer les facettes de diversité aide à identifier des zones d’intérêts pour la 
conservation 
 
La plupart des indices permettant de quantifier la diversité phylogénétique 
entretiennent une relation positive et monotone avec la richesse spécifique (Faith, 
1992; Morlon et al., 2011; Rodrigues et al., 2011; Rolland et al., 2012). Cependant 
cette relation peut varier spatialement et la déviation de la diversité 
phylogénétique par rapport à la richesse spécifique peut renseigner sur l’histoire 
biogéographique et évolutive de ces zones (Davies & Buckley, 2011).  En effet 
des zones caractérisées par de fortes valeurs de richesse spécifique mais montrant 
une diversité phylogénétique moindre peuvent être le témoin d’une diversification 
récente massive (espèces très proche phylogénétiquement). A l’inverse des 
événements de dispersion rares comme l’arrivée d’une espèce depuis un autre 
biome (espèce phylogénétiquement distincte par rapport à l’ensemble des espèces 
de la région) peuvent être à l’origine d’une augmentation de la diversité 
phylogénétique sans avoir de fort impact sur la richesse spécifique (Slingsby & 
Verboom, 2006; Davies & Buckley, 2011; Fritz & Rahbek, 2012).  
 
Réponse de la biodiversité aux gradients environnementaux à large échelle  
 
Comprendre la distribution des espèces à large échelle fascine les écologues 
(Gaston 2000).  Un des patrons qui a été le plus étudié en écologie est le gradient 
latitudinal de diversité (Willig et al., 2003; Hillebrand, 2004). De nombreuses 
hypothèses ont été proposées pour expliquer pourquoi certaines régions pouvaient 
accueillir beaucoup plus d’espèces que d’autres. Parmi les plus populaires, la 
relation espèces-énergie admet une relation positive entre la richesse spécifique et 
l’énergie disponible (Hawkins et al., 2003a, 2003b). Selon cette hypothèse, plus 
une région reçoit d’énergie solaire et d’eau, plus la photosynthèse augmente 
résultant en une augmentation de la productivité primaire. Une augmentation de 
productivité primaire est synonyme d’une augmentation en ressources (nourriture) 
disponibles. Ces milieux productifs sont donc riches en espèces parce que les 
ressources n’y sont pas limitées (Currie, David, 1991; Hawkins et al., 2003a; 
Evans et al., 2005). Une autre hypothèse souvent invoquée pour expliquer les 
patrons de richesse est l’hétérogénéité environnementale. Elle prédit que les 
habitats structurellement complexes sont plus à même d’accueillir plus d’espèces 
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que les habitats homogènes parce qu’ils offrent une diversification de niches plus 
importante (Pianka et al., 1966; Ruggiero & Kitzberger, 2004). En effet, la niche 
des espèces est définie comme l’ensemble des variables qui détermine la 
distribution des espèces (Grinnell, 1917). Pour un lieu donné, deux espèces qui 
occupent la même niche ont des chances de rentrer en compétition jusqu’à ce que 
l’espèce dominante exclue l’autre. En conclusion, pour co-exister dans le même 
site, deux espèces doivent occuper des niches différentes (Evans et al., 2005). 
Enfin la stabilité climatique jouerait aussi un rôle dans la distribution de la 
richesse spécifique. En effet, les variations importantes du climat dans le temps 
(par exemple la saisonnalité) entrainerait des fluctuation dans la fourniture de 
ressources, empêchant les espèces de se spécialiser. Ainsi seules les espèces 
capables de s’adapter à de tels changement pourraient vivre dans ces milieux 
changeants (Ruggiero & Kitzberger, 2004; Evans et al., 2005). Ces hypothèses ont 
été testées pour comprendre la distribution de la richesse spécifique de multiples 
groupes d’espèces. Comparativement, les patrons de distribution des diversités 
phylogénétique et fonctionnelle à large échelle sont très peu documentés et notre 
connaissance de la réponse de ces facettes à l’environnement est loin d’être 
complète. Pourtant de récentes analyses laissent penser que les facettes de 
diversité ne co-varient pas toujours spatialement (Devictor et al., 2010), on 
pourrait donc s’attendre à ce que les facteurs environnementaux qui gouvernent la 
distribution varient d’une facette à l’autre.  
 
II.3. Quantifier les facettes de diversité 
 
La diversité peut être mesurée à trois échelles emboitées : la diversité locale (ou 
diversité alpha), la diversité régionale (ou diversité gamma) et la diversité beta qui 
reflète le degré de renouvellement en espèces d’une localité à une autre 
(Whittaker, 1960). Les indices présentés ci-dessous mesurent la diversité à 
l’échelle de la communauté et sont des mesures de diversité alpha. Il existe une 
multitude d’indices permettant de quantifier les différentes facettes de la 
biodiversité (Pavoine & Bonsall, 2011), chaque indice capture des « dimensions » 
différentes. Ci-dessous, j’ai regroupé les indices en trois grandes classes : les 
indices de richesse, les indices de régularité et les indices de divergence.  
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Mesures de richesse 
 
La richesse spécifique est la somme des espèces qui composent la communauté 
(Pavoine & Bonsall, 2011). Lorsqu’on dispose d’un arbre phylogénétique ou d’un 
arbre fonctionnel, on peut, au lieu de compter les espèces de la communauté, 
compter les longueurs de branches (à partir d’un arbre phylogénétique ou d’un 
dendrogramme fonctionnel) qui relient toutes les espèces présentes dans la 
communauté (Faith, 1992, pour la diversité phylogénétique et Petchey & Gaston, 
2002, pour la diversité fonctionnelle). Calculée de cette façon la diversité 
phylogénétique représente la « quantité » d’histoire évolutive accumulée, et la 
diversité fonctionnelle représente la quantité de niches fonctionnelles occupées 
par les espèces (Pavoine & Bonsall, 2011). Il est intéressant de noter que cette 
quantité d’histoire évolutive accumulée peut être décomposée par espèces pour 
quantifier la contribution de chacune à l’histoire évolutive totale de région 
(Pavoine et al., 2005a; Redding & Mooers, 2006; Isaac et al., 2007; Schweiger et 
al., 2008, Figure 3). 
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ED(A) = (5.5/2) + (0.5/1) = 3.25 
ED(G) = (3/5) + (1/3) + (2/1) = 2.93 
Exemple du calcul de l’ED 
pour les espèces A et G 
Figure 3 Calcul de l’originalité évolutive (exemple avec l’indice de “evolutionary 
distinctiveness (ED)” proposé par Isaac et al. (2007) 
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Cette figure représente un arbre phylogénétique hypothétique composé de 
7 espèces (A-G) accompagné des valeurs d’originalité (ED) associées à 
chaque espèce. Dans cet exemple les valeurs indiquées en bleu 
correspondent aux longueurs de branches exprimées en unité de temps. 
Les valeurs en orange représentent le nombre d’espèces suspendues à 
chaque branche. Pour une espèce donnée, ED est égal à la somme des 
longueurs de branches depuis la racine (ancêtre) jusqu’à la feuille (espèce) 
divisées par le nombre de descendants suspendus  à chaque branche. Avec 
cette mesure une espèce  provenant d’un vieux clade et seule ou avec peu 
de soeurs sur sa branche obtient une valeur d’ED plus importante qu’une 
espèce provenant d’un jeune clade ayant massivement diversifié. Cet 
indice a été proposé pour un arbre phylogénétique mais peut en réalité être 
calculé à partir de n’importe quel arbre et donc d’un dendrogramme 
fonctionnel.  
INTRODUCTION 
 
 17 
Les indices de régularité (ou équitabilité) 
 
Pour représenter la diversité autrement que par un simple comptage, des indices 
qui prennent en compte la distribution des effectifs (c’est à dire les abondances) 
de chaque espèce, ont été proposés. On parle alors d’indices de régularité 
(Pavoine & Bonsall, 2011) et les deux mesures les plus souvent utilisées sont 
l’entropie de Shannon (Shannon, 1948) et l’indice de Gini-Simpson (Simpson, 
1949). Ces indices atteignent leur maximum lorsque tous les effectifs des espèces 
de la communauté sont en proportions égales. 
 
 
Les indices de divergences 
 
Au lieu de mesurer une quantité d’information, les indices de divergence mesurent 
le degré de (dis)similarité (phylogénétique ou fonctionnelle) des espèces qui 
composent la communauté (Pavoine & Bonsall, 2011). Ces indices de divergences 
sont construits à partir de matrices de distance ou de dissimilarité.  
Ils peuvent être pondérés par les abondances des espèces (cas de l’entropie 
quadratique, Rao, 1982) ou non pondérés (cas de la moyenne des distances par 
paires d’espèces, Webb et al., 2002). 
 
 
 
q = 0 
Richesse 
spécifique 
q = 1 
Entropie de 
Shannon 
q = 2  
Indice de Gini-
Simpson 
q = 0 
Faith’PD 
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phylogéné-
tique 
q = 2  
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quadratique 
Sensible aux 
espèces rares 
Insensible aux 
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différences entre 
espèces 
sensible aux 
différences entre 
espèces 
Figure 4 Schéma récapitulatif des liens entre indices de diversité. 
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Les liens entre les indices 
 
Aujourd’hui il existe un cadre méthodologique dans lequel ces mesures 
s’inscrivent (Chao et al., 2010). En particulier, il a été montré que la plupart de 
ces indices pouvaient être facilement dérivés d’une seule et même formule :  
 
 
 
Dans cette formule, Li est la longueur de branche i dans l’ensemble Bi, ai est la 
somme des abondances des espèces qui descendent de la branche i. T est la 
hauteur de l’arbre. q est appelé paramètre de sensibilité ou ordre. Il contrôle la 
sensibilité de l’indice aux espèces rares. Ainsi la plupart des indices de diversité 
sont des cas particuliers de la formule ci-dessus et varient seulement sur la base du 
paramètre q et de si oui ou non les longueurs de branches sont utilisées. Les 
relations entre indices sont synthétisées dans la Figure 4.   
 
Alors que ce cadre méthodologique semble faire consensus dans le domaine de 
l’écologie théorique, il n’est à l’heure actuelle pas encore utilisé dans le domaine 
de la conservation et en particulier en planification systématique (voir encadré 1).  
 
 
 
 
q
D(T) =
Li
T
ai
q
i∈B i
∑
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Encadré 1 : Planification systématique de la conservation. 
L’établissement de zones protégées (aussi appelées réserves) est la stratégie la plus commune pour 
sauvegarder la biodiversité. Le rôle majeur d’une zone protégée est de séparer les éléments de la 
biodiversité qu’elle renferme des processus qui la menacent. L’étendu de l’efficacité d’une zone 
protégée est évalué par rapport à sa capacité à remplir deux objectifs.  
 - représentativité : une zone protégée doit être localisée de façon à échantillonner un maximum de la 
biodiversité si possible à tous niveaux d’organisation.  
- persistance : une zone protégée doit une fois établie être en mesure de promouvoir la survie à long 
terme des espèces et de tout éléments de la biodiversité qu’elle renferme en excluant toutes menaces 
potentielles et en maintenant les processus naturels. 
Afin de mettre en place de nouvelles zones protégées ou d’étendre les zones existantes répondant à 
ces deux objectifs, les scientifiques ont mis en place un protocole méthodique à suivre : la 
« planification systématique de la conservation ». Ce protocole est un exercice spatial qui se 
décline en 6 étapes :  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sources : Pressey, 1993 ; Margules & Pressey 2000, Kukkala  & Moilanen 2013. 
!
Etape 1. Mesurer et cartographier la biodiversité de la région de planification.  
! Cartographier la zone de la planification pour identifier les similarités et 
différences entre sites 
! Cette étape se base sur la cartographie de mesures de la biodiversité dont on fait 
l’hypothèse qu’elles seront un bon substitut pour représenter la biodiversité dans son 
ensemble.  
Etape 2. Identifier l’objectif de conservation pour la région de planification  
! Décider des éléments de la biodiversité que l’on veut protéger. Parfois on peut 
fixer ce que l’on appelle des « cibles » de conservation telle que protéger un minimum 
de 10% de l’aire de répartition des espèces  
Etape 3. Faire une évaluation des zones protégées déjà en place (si elles existent)  
! Effectuer une « analyse de trouée », dans laquelle la distribution des zones 
protégées est superposée à celle de la biodiversité. La représentativité des zones est 
ensuite mesurée par exemple en calculant la proportion de la biodiversité capturée par 
la zone protégée par rapport à sa distribution totale 
Etape 4. Sélectionner de nouvelles réserves  
! Utilisation d’algorithmes de sélection de réserves, c’est à dire une suite de règles 
et d’opérations mathématiques qui permettent de sélectionner les sites les plus 
représentatifs de la biodiversité de la région. Les algorithmes modernes sont tous 
basés sur le principe de complémentarité, c’est à dire que les sites nouvellement 
ajoutés doivent être sélectionnés sur la base de leur faculté à ajouter de l’information 
qui n’est pas déjà représentée.   
Etape 5. Implémenter les actions 
! Décider de la forme de management la plus adaptée à la zone   
Etape 6 Maintenir la biodiversité  
! Surveiller la zone pour s’assurer qu’elle remplisse bien son objectif.  
!
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III. Vers la protection des services des écosystèmes 
 
A l’heure actuelle, les études empiriques accumulent les preuves concernant 
l’impact négatif des changements globaux sur la fourniture en services des 
écosystèmes dont le bien-être humain dépend (Balmford et al., 2002; Burkhard et 
al., 2012). Dans ce contexte un large travail de fond a été mené ces dernières 
années pour d’une part rendre compte des valeurs économiques que représentent 
les services des écosystèmes (Costanza et al., 1997; Balmford et al., 2002; Naidoo 
& Ricketts, 2006; Turner et al., 2007; Burkhard et al., 2012) et d’autre part pour 
mieux comprendre leurs interaction pour mieux guider les politiques 
environnementale et les plans de conservation (Naidoo et al., 2008; Lavorel et al., 
2011; Maes et al., 2012a, 2012b). En particulier de récents articles se sont 
intéressés aux compromis et synergies entre services. Un compromis est défini 
lorsque la fourniture d’un service se traduit par la diminution de la fourniture en 
un autre service (Rodríguez et al., 2006; Raudsepp-Hearne et al., 2010; Qiu & 
Turner, 2013). Par exemple l’exploitation d’une forêt pour son bois (service 
d’approvisionnement) peut avoir un impact négatif sur les cours d’eau en aval de 
la zone d’exploitation et de ce fait avoir un impact sur la qualité de l’eau (service 
de régulation) ou même sur l’esthétique du paysage (service culturel) (Rodríguez 
et al., 2006). A l’opposé la relation entre deux services est qualifiée de synergique 
lorsque la fourniture d’un service provoque l’augmentation d’un autre. Par 
exemple, on observe souvent une relation positive entre le stock de carbone, la 
capacité de rétention du sol et la qualité de l’eau (Bennett et al., 2009; Raudsepp-
Hearne et al., 2010; Qiu & Turner, 2013). En parallèle, d’autres études ont été 
menées pour examiner les relations entre la fourniture de services et la 
biodiversité (Chan et al., 2006; Naidoo et al., 2008; Egoh et al., 2011; Maes et al., 
2012b; Thomas et al., 2013). Par exemple Naidoo et al. (2008) proposent de tester 
l’efficacité de deux réseaux théoriques de zones protégées : le premier réseau 
correspond à l’optimisation de la représentation des vertébrés du monde, le 
deuxième réseaux a été construit pour optimiser la représentation de quatre 
services des écosystèmes (la séquestration du carbone, le stock de carbone, la 
production bétaillère et la provision en eau). Leurs résultats montrent que les 
régions sélectionnées pour maximiser la représentation de la biodiversité ne 
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capturent pas mieux les services que si la sélection des zones avait été faite de 
manière aléatoire. Ces évaluations ont toutes utilisées la richesse spécifique 
comme indicateur de la biodiversité et il n’existe pas à l’heure actuelle 
d’évaluation de la congruence spatiale entre des régions prioritaires pour le 
maintien des services des écosystèmes et celles qui seraient importantes pour 
maintenir des fonctions importantes de l’écosystème ou l’histoire évolutive des 
espèces.  
 
 
 22 
  
 
 23 
 
 
 
 
 
 
 
PROBLEMATIQUE GENERALE ET 
ORGANISATION DE LA THESE 
 
 24 
  
PROBLEMATIQUE GENERALE ET ORGANISATION DE LA THESE 
 25 
Jusqu’ici les actions de conservation se sont principalement concentrées sur la 
protection d’un maximum d’espèces ou sur la protection de certaines espèces 
jugées d’intérêts particuliers comme les espèces endémiques, rares ou 
emblématiques (Williams et al., 1996; Howard et al., 1998; Rodrigues et al., 
2000). Les budgets qui sont alloués à la protection de la biodiversité sont limités 
et les acteurs de la conservation sont obligés de faire des choix quant aux éléments 
à cibler en priorité (Vane-Wright et al., 1991). Aujourd’hui face à ces choix, il 
paraît intéressant de ne pas seulement cibler les espèces mais aussi les processus 
écologiques (Vane-Wright et al., 1991; Faith, 1992; Kareiva & Marvier, 2003; 
Pressey et al., 2007) et les services des écosystèmes. Dans ce contexte, utiliser les 
diversités phylogénétique et fonctionnelle dans les plans de conservation (mise en 
place de zones protégées) paraît une voie prometteuse. Cependant avant de 
pouvoir proposer de nouvelles stratégies de conservation, une meilleure 
compréhension de ces facettes de diversité et les liens qu’elles entretiennent avec 
les services des écosystèmes est nécessaire. Dans ce contexte je me suis attachée  
dans le chapitre 1 (Zupan et al., en préparation) à mieux comprendre les indices 
de diversité. L’article proposé présente une synthèse des indices de diversité 
classiquement utilisés en écologie théorique ou en écologie des communautés 
mais rarement dans le cadre de la planification systématique (Encadré 1). En 
particulier ce chapitre fait la synthèse des dernières avancées méthodologiques 
faites sur ces indices et discute la pertinence de les utiliser en conservation avec 
les outils dont on dispose actuellement (c’est à dire les algorithmes de sélection de 
réserves). Dans le chapitre 2 (Zupan et al., 2014), je me suis attachée à décrire les 
patrons de diversité phylogénétique en relation avec la richesse spécifique des 
mammifères, des oiseaux et des amphibiens d’Europe et de Turquie. En 
particulier, j’ai mis en évidence comment l’étude parallèle de ces deux facettes de 
la biodiversité peut aider à identifier des zones caractérisées par une histoire 
évolutive particulière avant d’évaluer l’efficacité des zones protégées actuelles à 
représenter ces zones potentiellement d’intérêt pour la conservation. Le chapitre 3 
(Zupan et al., en préparation) a pour objectif d’identifier, de comparer et de 
comprendre les facteurs (environnementaux, humain et spatiaux) qui gouvernent 
la distribution des différentes facettes de la diversité. J’ai utilisé pour ce chapitre 
des techniques de modélisation permettant de mettre en avant les variables qui 
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expliquent au mieux la distribution de chacune des facettes des mammifères, des 
oiseaux, des amphibiens et des squamates d’Europe et de Turquie. Enfin, le 
chapitre 4 (Zupan et al., en préparation) consiste à analyser les compromis et les 
enjeux liés à la représentation des différentes facettes de la diversité et des 
services des écosystèmes dans des stratégies communes de conservation. Pour ce 
faire, j’ai construit différents scénarios de conservation par le biais d’un outil de 
planification (Zonation, Encadré 2). Dans ces scenarios, la priorité était donnée 
soit à la représentation de la biodiversité soit à celle d’un ensemble de services des 
écosystèmes. Leur comparaison permet de répondre à la question suivante : 
protège-t’on bien la biodiversité lorsque l’on essai de maximiser des services 
écosystémiques et vice-versa.  
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Encadré 2 : Zonation, un outil de planification spatial aidant à la décision en conservation. 
Zonation est un outil de priorisation et de pour les exercices de planification spatiale en conservation  
!  
Contrairement à d’autres outils de planification, la 
solution de Zonation n’est pas un ensemble de 
sites qui optimise la représentation de la 
biodiversité mais un classement hiérarchique de 
toute la zone de planification depuis les pixels les 
plus représentatifs des éléments de biodiversité à 
protéger jusqu’aux pixels qui ont le moins de 
valeur. L’algorithme de sélection de réserve 
implémenté dans Zonation assure la 
complémentarité entre sites (pixels). 
!
Les données fournies en entrée sont des cartes (format raster) de biodiversité (ex : cartes de distribution 
d’espèces). En premier Zonation attribue une valeur de conservation pour chacun des pixels de la zone de 
planification. Cette valeur de conservation est déterminée à partir de la distribution des éléments à 
représenter. Les pixels caractérisés par la présence d’éléments rares géographiquement obtiennent des 
valeurs de conservation plus élevées que les pixels caractérisés par des espèces plus communes. Zonation 
procède par itération et « à reculons », c’est à dire qu’il débute par la zone entière, enlève, à la première 
itération, les pixels avec les valeurs de conservation les plus basses, puis recalcule les valeurs de 
conservation et ainsi de suite. A chaque itération, l’aire de distribution des espèces présentes dans les 
pixels perdus diminue, ces espèces deviennent donc de plus en plus rares à fur et à mesure que la 
procédure avance. 
A chaque itération Zonation calcule la proportion 
de chaque élément de biodiversité encore présent 
dans la zone de planification par rapport à sa 
distribution totale. Cette mesure est utilisée comme 
estimation de la représentation de chaque élément 
pour chaque proportion de la région (figure ii). 
Dans cet exemple on observe que dans l’espèce A 
est bien mieux représenté dans les premier 
pourcent de la région que les deux autres espèces.   
 
Sources : Moilanen et al. 2005, 2011 
!
!
0 5 10 25 50 75 100 
Figure i) Exemple de solution fournie par Zonation. 
Ici l’exercice portait sur la représentation de la 
diversité des mammifères d’Europe. 
Les sites en bordeaux représentent les 5% les 
meilleurs d’Europe pour représenter les 
mammifères 
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Figure ii) Graphique théorique représentant la 
représentation de 3 espèces par fraction de la région 
mise en réserve 
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I. Données spatiales de distribution 
 
Les analyses réalisées dans cette thèse ont porté sur les tétrapodes d’Europe. Le 
chapitre 2 inclut les mammifères, les oiseaux et les amphibiens. Les chapitres 3 et 
4 incluent ces trois mêmes groupes en plus des squamates.  
La zone d’étude comprend l’Europe, des Iles Macaronésiennes à la chaine de 
montagnes de l’Oural d’Ouest en Est et depuis la Scandinavie jusqu’à la côte 
méditerranéenne du Nord au Sud. La Turquie a aussi été inclue afin de fournir une 
vision globale de la Méditerranée.  
Toutes ces données ont été collectées par Luigi Moiarano et sont publiées 
(Maiorano et al., 2013). Les données de base proviennent principalement d’atlas 
et correspondent à l’aire de distribution des espèces. Afin d’affiner les données, 
une étape de filtrage par l’habitat a été réalisée. Pour ce faire, les habitats 
primaires, secondaires et non favorables ont été définis par des experts pour 
chaque espèce. Chaque aire de distribution a ensuite été filtrée par une couche 
d’habitat provenant du Globe Cover (2006) à une résolution de 300m (WGS 84). 
Ainsi, chaque pixel de 300m comprenant un habitat défini comme non favorable 
pour l’espèce est enlevé de l’aire distribution. Les pixels correspondant à des 
habitats primaires et secondaires obtiennent respectivement des valeurs égales à 2 
et 1. Il est important de noter que dans cette étape, seules les fausses présences 
sont enlevées, aucune présence n’est ajoutée.  
En tout j’ai disposé des distributions à l’échelle de l’Europe pour 288 espèces de 
mammifères, 509 espèces d’oiseaux, 248 espèces de reptiles et 104 espèces 
d’amphibiens. Le nombre d’espèces que j’ai sélectionné pour chacun des 
chapitres dépendait de la zone d’étude (Continent Européen et Turquie pour les 
chapitre 2 et 3, Union Européenne (UE27) pour le chapitre 4) d’une part et de la 
présence des espèces en question dans les bases de données de traits et dans les 
phylogénies d’autre part. Pour des raisons techniques (puissance de calculs), les 
données ont été projetées à 10 minutes (WGS 84) pour le chapitre 1, à 25km 
(ETRS 89) pour le chapitre 2 et à 10km (ETRS 89) pour le chapitre 3. Les étapes 
de projection ont été réalisées par Julien Renaud, géomaticien au Laboratoire 
d’Ecologie Alpine. 
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II. Phylogénies 
 
Trois des phylogénies utilisées dans cette thèse ont été construites par Cristina 
Roquet (post-doctorante au Laboratoire d’Ecologie, voir Roquet et al., (2013) 
pour les méthodes de construction). Il s’agit des phylogénies des oiseaux 
(diponibles dans Thuiller et al., 2011), des amphibiens (disponibles dans Zupan et 
al., 2014) et des reptiles (disponibles Thuiller et al., 2014a). Les données de 
mammifères sont tirées de Fritz et al., (2009) et ont été mises à jour pour les 
Carnivores à partir de la publication de Nyakatura & Bininda-Emonds (2012). 
 
 
 
Figure 4 Phylogénies des quatre groupes de tétrapode d’Europe. 
 
 
Mammifères: 275 espèces Oiseaux: 249 espèces
Amphibiens: 102 espèces Squamates: 196 espèces
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III. Les traits  
 
Les données de traits pour les oiseaux proviennent de la publication de Pearman et 
al., (2013). Les données de traits pour les autres groupes taxonomiques ont été 
récoltées par L. Maiorano et proviennent de sources diverses (voir informations 
supplémentaires dans Thuiller et al., 2014a). Ces données de traits correspondent 
au régime alimentaire des espèces (végétaux, invertébrés, vertébrés, carcasse etc.), 
aux stratégies d’acquisition des ressources (chasser, brouter, cueillir etc.), à 
l’habitat de nourrissage (sur le sol, en l’air, sur l’eau etc.) à l’activité (nocturne, 
diurne, arythmique, crépusculaire) et un trait morphologique (masse corporelle 
pour les oiseaux et les mammifères, longueur du corps pour les amphibiens et les 
reptiles). Ces traits ont été choisis parce qu’ils peuvent donner une indication sur 
le rôle des espèces dans l’écosystème. Par exemple chez les oiseaux, le régime 
alimentaire est un bon indicateur de la fonction que chaque espèce peut avoir dans 
son écosystème. Les oiseaux qui se nourrissent de carcasses sont des charognards 
et jouent le rôle de « nettoyeur », alors que les oiseaux qui mangent des graines 
auront un rôle dans la dispersion des graines au sein de l’écosystème. Seule la 
masse corporelle et la longueur du corps sont des traits continus, tous les autres 
sont des traits catégoriels (Sekercioglu, 2006, 2007; Wenny et al., 2011).  
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Table 1. Traits fonctionnels des vertébrés 
Type de trait Traits Type de 
variable 
Morphologique Mammifères/oiseaux : 
- masse corporelle 
Amphibiens/squamates 
- longueur du corps 
Continus 
Régime alimentaire  Champignons 
Mousses et lichens 
Graines, noix et grains  
Fruits et baies 
Végétaux 
Invertébrés 
Poisson 
Petit mammifère 
Gros mammifère 
Herptiles 
Oiseaux et leurs œufs 
Petits oiseaux  
Large oiseaux 
Vertébrés 
Os 
Carcasse 
Coprophage 
Catégorique 
Stratégie d’acquisition 
des ressources 
Opportuniste 
Chasseur 
Cueilleur 
Brouteur 
Catégorique 
Activité Nocturne 
Crépuscule 
Diurne 
Arythmique 
Catégorique 
Lieu de nichage Vivipare 
Haut dans un arbre 
Trou/fissure 
Terre   
Rocher 
Milieu artificiel 
Sous la terre, dans l’eau 
Dans les caves, dans une fissure 
Eau temporaire 
Loges 
Ruisseau/petites rivière  
Flaque/marre/étang/petit lac 
Eau saumâtre 
Catégorique 
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IV. Les services des écosystèmes  
 
Dans le chapitre 4, nous avons utilisé la distribution de neufs indicateurs de 
services écosystémiques. Ces indicateurs représentent tous la fourniture en 
services : la production de bois, la fourniture en eau potable, la régulation de la 
qualité de l’air, la régulation du climat, la régulation de la qualité de l’eau, la 
pollinisation, la prévention de l’érosion, la maintenance de la fertilité du sol et un 
service de récréation. 
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INTRODUCTION 
Systematic conservation planning (SCP) is a framework in 6 steps used to 
optimally select sites for conservation purposes (i.e. establishment of protected 
areas). This spatial exercise has become the rule for large-scale conservation 
efforts worldwide (Margules and Pressey 2000). This strategy uses site-selection 
algorithms that has the advantage of considering complementarity between sites 
(Pressey et al. 1993). So far, most of conservation planning exercise has relied on 
species distribution or count and other facets of diversity such as the diversity in 
life history strategies, functional representation or evolutionary history have 
usually been neglected (Faith 1992, Strecker et al. 2011). Yet, integrating 
phylogenetic information within SCP has been suggested for more than 20 years 
as a need to be fulfilled (Vane-Wright et al. 1991, Faith 1992). There is now 
growing evidence that phylogenetic information may help conservationists to 
preserve essential aspects of biological diversity (Devictor et al. 2010, Mouillot et 
al. 2011, Zupan et al. 2014). For example, it has been suggested that ecosystem 
functioning may be more properly portrayed by phylogenetic diversity (PD 
hereafter) than by the number of species (SR hereafter) (Cadotte et al. 2009). This 
would be because ecological traits are usually highly conserved across related 
species, and phylogeny may provide a measure of these functional relationships 
that integrates across multiple levels (Webb et al. 2002). In that context, the loss 
of a species that is highly redundant with others may go unnoticed, while the loss 
of a unique species may have disproportionate effects on ecosystem processes 
(Loreau et al. 2002, Srivastava et al. 2012). Accounting for phylogenetic 
information in conservation has previously been done from either a species or an 
assemblage point of view. The first strategy identifies evolutionary distinct 
species (Redding and Mooers 2006, Isaac et al. 2007) as a conservation target 
(e.g. Thuiller et al., 2014). The only real-world application of this framework is 
the current EDGE program that identifies species that are both evolutionary 
distinct and endangered (Isaac et al. 2007). The second strategy aims at 
identifying a set of sites (i.e. assemblages of species) that maximize the 
representation of the evolutionary history of a region (Rodrigues and Gaston 
2002, Forest et al. 2007, Rodrigues et al. 2011). 
The lack of widespread direct use of phylogenetic information in conservation 
planning can be explained through several important pitfalls that have been 
CHAPITRE 1 
 
 41 
identified in the literature. In a recent paper, Diniz-Filho et al. (2013) defined the 
“Darwinian shortfall” as the lack of sequence data for all species, which forbids 
the reconstruction of all phylogenetic relationships and thus the systematic use of 
PD in conservation. While this point is worth noting, even in a theoretical case 
where all relationships are known, there is still no real consensus on the way PD 
should be used in a conservation context. This absence of consensus has been 
addressed elsewhere (Winter et al. 2013), and notably recent debate have been 
launched on two main classes of shortfalls: (1) the theoretical relevance of the use 
of PD in conservation (i.e. why we should use PD?) and (2) the methodology that 
should be used (in other words: how do we measure PD?). Winter et al. (2013) 
pointed out that “the jungle of different indices” is a cause for the little use of PD 
in conservation, and concluded that research on the technical issues related to the 
indices has been mostly conducted from a purely academic point of view and has 
failed to address the practical needs of conservationists. The gap between 
fundamental ecology, which focuses on indices to answer particular ecological 
questions, and SCP, a much younger science that concentrates on the protection of 
species within a set of sites, is a major gap in current knowledge. Here we will 
discuss the use of phylogenetic diversity indices within context of SCP as an 
example but we argue that the same reasoning can be drawn for functional 
diversity.  
Recently important efforts have been conducted to group together in a relatively 
simple analytic way the most widely used diversity indices (Pavoine et al. 2009, 
Chao et al. 2010, Leinster and Cobbold 2012). In these frameworks, the most 
common diversity indices can all be derived from the same formulation (i.e. the 
Shannon diversity index (Shannon 1948), the reciprocal Simpson’s index 
(Simpson 1949), the phylogenetic diversity (Faith 1992), the phylogenetic entropy 
(Allen et al. 2009) and the quadratic entropy (Rao 1982). Within the field of 
theoretical ecology these frameworks seem to make consensus, and give the 
impression that the “jungle” of indices has finally been described. Yet, these 
unifications have never been used in conservation (but see Mazel et al. 2014) 
although several papers suggested they would be of interest (Allen et al. 2009, 
Chao et al. 2010). The main goal of this paper is to show that the unified 
approaches that were proposed in an ecological context may not be relevant 
within the SCP context. 
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We start by reporting the recent advances made toward unifying common 
diversity indices under the same framework. Then we identify the important 
conservation target (from a site-based focus) and their methodology. Third we 
discuss why the unification in a theoretical context may not be relevant at the 
conservation level and particularly how the properties argued to be important in 
conservation science map into the unified frameworks. Finally we propose a new 
way of incorporating these frameworks in conservation.  
Overall we conclude that site-based conservation methodology has only been 
developed for diversity indices that obey a very specific mathematical property, 
namely strong monotonicity. Several authors have been putting forward other 
important properties (e.g. weak monotoniticity or replication principle) arguing 
that they are also potentially important in conservation. While we agree they 
might be of interest, we also argue they are not directly usable within the SCP 
framework currently.   
 
1) Toward a unified framework reflecting species differences and relative 
abundance  
In the last few years, an important number of papers that review and classify 
(Cadotte et al. 2010; Pavoine & Bonsall 2011) clarify (Jost 2006, 2007, Ricotta 
and Szeidl 2006, Schweiger et al. 2008, de Bello et al. 2010, Tucker and Cadotte 
2013) and unify (Ricotta and Szeidl 2009, Pavoine et al. 2009, Chao et al. 2010, 
Leinster and Cobbold 2012) the plethora of alpha-diversity measures available to 
ecologists have been published. Below we review succinctly these unification 
efforts. 
 
1.1. Unification based on generalised entropies  
In 1967, Havrda & Charvat proposed an index (Hq) from which the most used 
‘naïve’ diversity indices (i.e. indices that do not take into account species 
differences such as species richness, Shannon’s diversity index and Gini-
Simpson’s index) can be derived: 
 
   (eqn 1)
 Hq(p) =
(1− piq )
i=1
n
∑
(q −1)
CHAPITRE 1 
 
 43 
pi represent the relative abundance of species i and q is a “scaling constant” (or 
“sensitivity parameter”). With q>0, Hq(p) is disproportionately sensitive to the 
abundant species while with q = 0, H0(p) weights all species equally, without 
favouring either common or rare species (Patil and taillie, 1982). Thus, H0 is a 
linear function of species richness, when q tends to 1, H1 equals the Shannon’s 
diversity index and finally H2 is the Gini-Simpson’s index. In 2009, Pavoine 
adapted Hq to measure phylogenetic diversity (PD). Basically PD indices are the 
sum of the Hq indices along the phylogenetic tree: 
     (eqn 2)  
Where Hq,K is the diversity index Hq(p) (eqn 1) applied to the K
th 
period where a 
period is the evolutionary time between two speciation events (interior nodes) in 
an ultrametric tree (all the tips are at equal distance from the root node). I0 equals 
to Faith’s PD (Faith 1992) minus the height of the tree, I1 is a generalization of the 
Shannon’s diversity index (H1) to account for evolutionary history (phylogenetic 
entropy, Allen et al. (2009)) and I2 correspond to the Rao’s quadratic entropy 
(Rao 1982). These indices are called entropies because they measure the 
uncertainty in the result of a random sampling of individuals from the community 
(Jost, 2006). 
 
1.2. Unification based on Hill numbers 
Entropies have been criticized (Jost 2006, 2007) because they do not obey “the 
replication principle” or “doubling property” (see Table 1 for a definition). This 
principle states (for species-neutral diversity or « naive » indices) that if we have 
N equally large, equally diverse groups with no species in common, the diversity 
of the pooled groups must be N times the diversity of a single group (Chao et al. 
2010). The transformation of entropies into equivalent numbers allows the indices 
to respect the replication principle. Apart from the intuitive aspect of the 
definition, the use of equivalent numbers is required when partitioning diversity 
into α, β and γ diversity to ensure β diversity will not depend on γ diversity (Jost 
2007, Chao et al. 2010). Although this point seems to be purely mathematical, the 
tenants of equivalent numbers (Chao et al. 2010) also argued that entropies are 
Iq = (tK − tK −1)Hq,K
K =1
N
∑
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counter-intuitive for assessing conservation plan because of their non-linearity 
with increasing diversity while they seem to suggest that equivalent number 
would be appropriate in a context of conservation (Jost et al. 2010, Chao et al. 
2010, Leinster and Cobbold 2012). 
 
 
 
Table 1 definition of the properties of indices. Indices presented in this paper are 
measures of the locale diversity (α) that is say the diversity of the 
community/assemblage. γ refers to the total diversity of the region. 
 
Property names Definition 
Strict monotonicity 
(also called set monotonicity) 
The addition of a new category (e.g.: species) 
always increases the diversity. 
γ >= max (α) 
Weak monotonicity Adding a species to the set of species in a 
distinct environment will increase diversity in 
that environment, at least if the additional 
species causes only a marginal change of 
abundance (Weikard et al. 2006) 
The replication principle (doubling property)  For N equally large, equally diverse groups 
with no species in common, the diversity of the 
pooled groups must be N times the diversity of 
a single group  
 
Jost (2007) showed that it was possible to transform the commonly used “naïve” 
indices into their equivalent numbers by applying the following transformation: 
 
  (eqn 3) 
 
where D is a diversity measure of order q and pi the relative abundance vector. D0 
corresponds to the number of species, D1 corresponds to a modified version of 
Shannon entropy and D2 to a modified version of Simpson index.  
Finally, building up on existing work (Hill 1973), Chao et al. (2010) derived a 
generalisation of this formula in the context of phylogeny by averaging naïve 
diversity measures over the phylogenetic tree: 
  (eqn 4) 
Dq = pi
q∑[ ]
(1/1−q )
q
D T( ) =
L
i
T
a
i
q
i∈B
t
∑








1
1−q
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Where Li is the length of branch i in the set Bt, ai is the total abundance descended 
from branch i (i.e. the summed abundance or relative coverage of species 
descending from this branch), T is the height of the tree.
 
As in equation 1 and 2, only the sensitivity parameter q (order) varies. Species 
richness and its generalization (Faith PD divided by T) are measures of order 0, 
the exponential of Shannon index and the modified version of phylogenetic 
entropy from Allen et al. (2009) are of order 1 and finally the reciprocal Gini-
Simpson index and its generalisation (a modified version of the quadratic entropy 
from Rao, 1982) are measures of order 2. The q parameter can vary between 0 and 
infinite (Leinster and Cobbold 2012). 
Recently, Leinster and Cobbold (2012) also offered an alternative framework with 
similitude to Chao’s framework and in which diversity is also estimated for any q 
varying between 0 and ∞. However in this new framework indices are estimated 
from similarity matrices while they are estimated from a tree (phylogenetic tree or 
functional dendrogram) within the Chao’s framework. One can switch from one 
framework to the other by using a particular definition of the similarity matrix 
(see Leinster & Cobbold, 2012).  
 
In summary, common indices of diversity vary along two axes (Table 2), the first 
one controlling for the emphasis the user wishes to place on common and rare 
species (the q parameter) at the site level (alpha-diversity) where the rarity of a 
species is assessed by its relative abundance within the community (number of 
individuals, percent of cover, biomass etc. de Bello et al. 2010) and a second axis 
controlling for the dissimilarity of the categories (e.g. species), where 
dissimilarity can be based on any criteria making two entities distinguishable 
(morphology, genes, functional traits etc). Both the Hill numbers (Chao et al. 
2010) and generalized entropy (Pavoine et al. 2009) frameworks depend on the q 
parameter but differ in that one generalises entropy measures while the other 
generalises equivalent numbers measures to fulfil the replication principle. These 
recent development are doubtless helpful to partition diversity into different 
components (alpha, beta, gamma), to compare community and to clarify the link 
between different diversity indices. Moreover, weighting a species by its relative 
abundance could be promising for conservation (Mazel et al. 2014). However, we 
argue that indices grouped under these frameworks cannot all be used safely in a 
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context of current conservation planning because they do not always fulfil the 
properties needed in conservation science. We describe such properties in the 
following part.  
Table 2 Unifying frameworks and corresponding properties. T is the height of a 
phylogenetic tree, exp means exponential, the symbole √ means that the given 
property is filled while the symbole × means that the index do not follow the 
given property. 
 
 
2. The targets and methods of modern conservation planning. 
2.1. Brief description of the conservation tools 
The first step when designing a reserve network is to define a goal (i.e. what do 
we want the reserves to represent), which will be further translated into a 
mathematical formulation (implemented through an algorithm). There are many 
algorithms able to treat different conservation goals, however the basic principle 
is always to find the set of sites that are highly complementary and best represent 
regional biodiversity (Margules and Pressey 2000). Conceptually, SCP is trying to 
maximize the diversity of features (i.e. species, habitat, phylogenetic branch 
length) within an ensemble of sites. This starts by assigning a conservation value 
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to each site of the region we plan for. The conservation value refers to α-diversity 
(i.e. local diversity) while the ensemble of sites selected at the end of the process 
refers to the regional !-diversity (Whittaker 1960). Modern tools are based on the 
principle of complementarity where the new selected site should be added to best 
complement the already selected site (Pressey et al. 1993, Margules and Pressey 
2000, Kukkala and Moilanen 2012). Within the scope of diversity indices, 
complementarity relates to the β diversity (Sarkar 2006). Generally, the algorithm 
will search for the solution that maximizes the represented entities (species in the 
case of SR, “features”, i.e. branch lengths in the case of faith PD) within a 
constrained number of sites (maximum coverage formulation) or to minimize the 
number of sites needed to get all the entities (minimum set formulation, (Cabeza 
and Moilanen 2001). In any cases, these procedures require by definition that the 
added basic entities will never decrease the diversity of the final ensemble of sites 
(γ). In other words, SCP requires that by adding a new site into the reserve 
network diversity is maintained or increased, but never decreased. This property is 
called strong monotonicity.  
 
2.2. Mapping strong monotonicity into the unified frameworks 
While the unified frameworks nicely group together, in a simple mathematical 
formulation, diversity indices that did not intuitively show similarities, they do not 
guarantee that the indices exhibit the same properties. It is easy to show that most 
of the unified indices are not strict monotone by taking counter examples (figure 1 
and Schweiger et al. (2008)). Figure 1 illustrates the behaviour of the indices for 3 
values of q (q = 0,1 or 2). The site A1 is composed of 2 species (S1 and S3) in 
equal abundances (relative abundances equal to 0.5 each), the sites A2 to A4 
correspond to site A1 to which species S2 has been added with increasing 
abundance. We can see with that example that indices of q = 2 decrease between 
A1 and A2 although one rare element have been added. Comparatively, the 
behaviour of a q = 0 index is different and the addition of a new element always 
lead to an increase in the diversity value. Our example also shows that the use of 
equivalent numbers does not change the ranking of sites and that for any q. In 
conclusion, it seems very problematic to use non-monotonic index (e.g. Rao’s 
quadratic entropy or its equivalent number version) in conservation as rare 
element can be pushed out. Importantly the use of equivalent numbers instead of 
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entropies does not avoid the monotonicity problem. Strong monotone indices only 
refers to q=0 indices while indices with q≥0 do not respect this property anymore. 
 
 
 
Figure 1 The figure depicts the phylogenetic diversity (panel E) of four 
assemblages (panel C and D) composed of 3 species (panel B) with known 
phylogenetic relationship (panel A). For each of the 4 virtual assemblages (A1, 
A1, A3 & A4, see panel D), we computed 6 phylogenetic diversity metrics : Faith, 
Allen, Rao (red points) and their equivalent numbers (black points ; see legend of 
panel E).  
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2.3 Links with other properties argued to be important in conservation 
 
We selected 2 other properties argued to be of conservation interest: the 
replication principle and the weak monotonicity (see table 1 for details). 
First, indices of order q = 1 are said to be ‘weak monotone’ (see table 1 for a 
definition and Weikard et al. 2006; Allen et al. 2009). Although weak monotonic 
indices tend to keep rare element longer before dropping, they are still not a safe 
property for current conservation methods. This is shown in figure 1: the addition 
of S2 in the site A1 lead to a slight increase of the value of the index for q = 1, 
both for the entropy value and its equivalent number version. However when the 
relative abundance of S2 is increased, the value of the index for q=1 decreases. In 
conclusion, a weak monotone index tend to keep the rare element longer than a 
non-monotonic index but not until the end, and the question remaining is whether 
it is safe enough to use such index (or its equivalent number version) within 
current methods of SCP.  
Second, we exemplify that the use of entropies or equivalent numbers (i.e. indices 
that satisfy the replication principle) do not change anything concerning the other 
properties of the indices  
 
3. Back to reality: how to integrate the unified frameworks within SCP?  
It looks like conservation planning science is facing a dilemma. On one hand, the 
use of diversity indices that do not respect the strong monotonicity principle 
seems inacceptable within the framework of SCP, on the other hand, strong 
monotone indices are able to assess only one diversity “dimension” while the goal 
of conservation is to be as representative as possible for overall biodiversity. They 
have been relatively few attempts to group into intuitive categories (‘dimensions’) 
PD indices. The only framework we are aware of is the extensive review from 
Pavoine & Bonsall (2011) where three fundamental dimensions of PD indices are 
presented: volume, divergence and regularity (described below). Varying the q 
parameter in the unified framework allow to vary the weight given to species 
abundances but seems also to influence the diversity dimension that each index 
will capture.  
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(1) Volume index 
Volume indices correspond to indices of order q equal to 0 and are the only one to 
be strong monotone within the unified framework. They are represented by SR in 
the case of the naïve model and by Faith’ PD (or Petchey & Gaston FD for 
functional diversity) when branch length are used. Faith’s PD (and FD) represent 
the ‘volume of diversity’ (Cornwell et al. 2006) or ‘richness component’ (Pavoine 
& Bonsall, 2011) in a given assemblage and designates the amount of diversity 
units in a multidimensional space (either functional or phylogenetic). By 
construction these indices are highly correlated with species richness (that is also 
a measure of ‘volume’, see (Huang et al. 2012).  
 
(2) Weighted and unweighted divergence measures 
The ‘divergence’ dimension refers to indices characterized by a q equal to 2. They 
are dissimilarity measures that are usually computed from inter-species distances 
and are related to a multivariate measure of variance (Pavoine and Bonsall 
2011b). We presented in the unified framework only a measure of weighted 
divergence: the quadratic entropy of Rao. However it exists measure that do not 
account for abundances, this is the case of the mean pairwise distance (MPD, 
Webb et al. 2002). While weighted divergence measure are correlated SR, 
measure such as MPD are theoretically not. Weighted divergence indices are a 
mix between the volume dimension of diversity and the divergence. 
Measures of divergence (such as the net relatedness index, NRI, a standardised 
version of MPD) could be powerful tools to detect unique macro ecological 
assemblages (Kissling and Eiserhardt 2012, Cantalapiedra et al. 2014). From a 
conservation point of view, it may be interesting to target these particular sets of 
species because they represent unique assemblages from a biogeographical point 
of view, assemblage that would not have been detected with Faith PD only. 
 
Perspectives 
Giving the current SCP methodology, divergence cannot be directly used as 
conservation value in a site-selection algorithm. However we think that they bring 
information that volume-type indices are unable to capture. For example, they 
capture the effects of relative abundances and aspects of PD that are independent 
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of species numbers. We therefore believe that they can be used in complement of 
a traditional SCP approach where the representation of species would be the 
primary goal.  Alternatively, SCP algorithms could be programmed to optimise 
two indices of diversity simultaneously, including for example a non-monotonic 
index and species complementarity. This is actually already possible to implement 
with some available software that allow for the use of a “cost” layer. This cost 
layer is normally used to choose a set of sites that represent at best biodiversity 
targets while minimizing the cost (e.g. Zonation software, (Moilanen 2007), but 
this could be adapted to a layer where we give values of divergence.  
Overall, this reflection shows that we need to develop tools that are up-to-date 
with regard to theoretical developments in this field, but that also capture the 
complexities of conservation planning in the real world. 
 
CONCLUSION 
The use of phylogenetic diversity in conservation has created considerable debate. 
In this paper we argued that the gap between the “jungle of metrics” developed 
from an academic point of view and applied conservationists is a crucial point of 
the debate. Recently, several unifying frameworks have tried to link PD indices in 
a simple and intuitive way based on general mathematical formulas. While we 
recognize the impact of such unification to clarify the “jungle” of indices (de 
Bello et al. 2010), their safe use in conservation planning is not quite there yet. 
We argued here that the proposed unifying frameworks should have to be taken 
carefully in a conservation context because they mix indices with different 
properties and meanings.  
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ABSTRACT
Aim We investigate patterns of phylogenetic diversity in relation to species diver-
sity for European birds, mammals and amphibians to evaluate their congruence
and highlight areas of particular evolutionary history. We estimate the extent to
which the European network of protected areas (PAs) network retains interesting
evolutionary history areas for the three groups separately and simultaneously.
Location Europe
Methods Phylogenetic (QEPD) and species diversity (SD) were estimated using
the Rao’s quadratic entropy at 10′ resolution. We determined the regional rela-
tionship between QEPD and SD for each taxa with a spatial regression model
and used the tails of the residuals (QERES) distribution to identify areas of
higher and lower QEPD than predicted. Spatial congruence of biodiversity
between groups was assessed with Pearson correlation coefficient. A simple
classification scheme allowed building a convergence map where a convergent
pixel equalled to a QERES value of the same sign for the three groups. This con-
vergence map was overlaid to the current PAs network to estimate the level of
protection in convergent pixels and compared it to a null expectation built on
1000 randomization of PAs over the landscape.
Results QERES patterns across vertebrates show a strong spatial mismatch high-
lighting different evolutionary histories. Convergent areas represent only 2.7% of
the Western Palearctic, with only 8.4% of these areas being covered by the current
PAs network while a random distribution would retain 10.4% of them. QERES are
unequally represented within PAs: areas with higher QEPD than predicted are
better covered than expected, while low QEPD areas are undersampled.
Main conclusions Patterns of diversity strongly diverge between groups of ver-
tebrates in Europe. Although Europe has the world’s most extensive PAs net-
work, evolutionary history of terrestrial vertebrates is unequally protected. The
challenge is now to reconcile effective conservation planning with a contempo-
rary view of biodiversity integrating multiple facets.
Keywords
Europe, phylogenetic diversity, protected areas, spatial biodiversity congru-
ence, species diversity, terrestrial vertebrates.
INTRODUCTION
Species distributions, and ultimately biodiversity patterns, are
shaped by the interplay of evolutionary, biological and
anthropogenic processes (Ricklefs, 1987). With the rise of
available distributional data, the last decades have seen an
upsurge of studies exploring biodiversity patterns from local
to broad geographical scales (Gaston, 2000), most of them
focused on species richness (Currie & Paquin, 1987; Davies
& Buckley, 2011) or species evenness (i.e. abundance
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distribution among species) (Hillebrand et al., 2008). Species
richness has been the main focus of macro-ecological studies
and is still widely used, mainly because of the easiness to
quantify and interpret the data (Cadotte & Davies, 2010). In
particular, conservation planning has traditionally used rich-
ness information combined to different irreplaceability mea-
sures (e.g. endemism or rarity) to prioritize some regions
over others (e.g. ‘Biodiversity Hotspots’, Myers, 1988). How-
ever, focusing on species richness ignores the differences
between species in terms of functional or evolutionary char-
acteristics (Vane-Wright et al., 1991; Faith, 1992; Petchey &
Gaston, 2002). To account for these other aspects of diver-
sity, measures of phylogenetic and functional diversity have
recently been developed (Pavoine & Bonsall, 2011 for a
review). Both the increasing availability of molecular data in
public databases (e.g. GenBank) and the advances in phylo-
genetic methods (Roquet et al., 2013) have enhanced the use
of phylogenetic diversity measure (i.e. the amount of evolu-
tionary history) as a powerful tool for featuring biodiversity.
For instance, phylogenetic diversity measures are now widely
used to understanding the diversity of current species distri-
butions (e.g. Davies & Buckley, 2011) or the potential func-
tioning of ecosystems (Lavergne et al., 2010; Mouquet et al.,
2012). Although most phylogenetic diversity measures show
a positive and monotonic link with species richness (Fig. 1)
(Faith, 1992; Morlon et al., 2011; Rodrigues et al., 2011), this
relationship can vary spatially (e.g. Forest et al., 2007) and
this deviation can inform about the processes (speciation,
extinction, lineage filtering, competition and migration)
partly responsible for the current biodiversity patterns at
large spatial scale (Davies & Buckley, 2011; Fritz & Rahbek,
2012). For instance, a region with high species richness and
endemism but a low phylogenetic diversity (Fig. 1, bottom
right corner) might indicate areas where recent adaptive
radiations have occurred (e.g. Cape Floristic Region of South
Africa, Slingsby & Verboom, 2006).
Assuming that closely related species have more chances to
share common features (e.g. ecological niches, functional
traits, Faith, 1992, 1994) than randomly chosen species in
the phylogeny, phylogenetic diversity could also serve as a
proxy for functional diversity if traits related to these func-
tions were highly conserved along the phylogeny (Webb
et al., 2002). Under this assumption, prioritizing phyloge-
netic diversity in protected area (PA) networks would lead at
the same time to the maximization of evolutionary history of
Earth’s biota (Forest et al., 2007; Cadotte & Davies, 2010)
and functional diversity.
Beyond the recent call to adopt a multifaceted approach
to better understand and protect biodiversity as a whole
(Devictor et al., 2010), there are still few large-scale studies
analysing patterns of phylogenetic diversity in relation to
species richness and often limited to single taxonomic groups
(e.g. plants, Forest et al., 2007; mammals, Davies & Buckley,
2011 and Safi et al., 2011; birds, Devictor et al., 2010; fishes,
Mouillot et al., 2011; and amphibians, Fritz & Rahbek,
2012). In this perspective, understanding how phylogenetic
diversity and species richness relate across multiple taxa is of
interest, not only to further infer the processes generating
biodiversity patterns but also to be able to maximize the effi-
cient use of limited conservation resources (Margules & Pres-
sey, 2000) to preserve all biodiversity facets. Although the
real impact of considering phylogenetic diversity in current
conservation planning is still debated (Winter et al., 2013a),
we miss large-scale studies on the congruence or mismatch
between diversity facets of potential conservation interest
across groups.
A limiting factor in conservation assessments is the lack of
relevant data on spatial information (e.g. biodiversity distri-
bution) upon which the effectiveness of conservation plan-
ning depends (Margules & Pressey, 2000). Consequently,
conservationists often focus on a given group and use surro-
gates for which data can be obtained and assume that biodi-
versity features explicitly targeted in conservation efforts will
also be effective in capturing unmapped biodiversity (Rodri-
gues & Brooks, 2007). Taxonomic surrogacy (whether one
taxon is a good surrogate for another taxon when targeting
species representation) has received substantial attention
(Rodrigues & Brooks, 2007). Rodrigues et al. (2011) also
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Figure 1 Hypothetical relationship between phylogenetic
diversity and species richness (SR) of species assemblages. The
grey region corresponds to the possible interval of phylogenetic
diversity values for a given number of species while the darker
line indicates the theoretical expected values of phylogenetic
diversity. For an assemblage of few species, we would expect that
the addition of one species will lead to a sharp increase in
phylogenetic diversity value, this new species being likely to add
new phylogenetic information, whereas at high level of SR, all
the combinations of phylogenetic diversity have already been
sampled and the addition of a new species does not influence
the value of phylogenetic diversity for the region. As an
example, region A shows an assemblage where phylogenetic
diversity is higher than expected by its common relationship
with SR. This type of assemblage would probably include
phylogenetically distant species, reflecting thus a low level of
diversification. On the contrary, assemblage B presents lower
phylogenetic diversity than expected and thus it will mostly
contain phylogenetically close species, for example resulting
from events of massive diversification in the recent history.
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explored whether taxonomic diversity is a good surrogate for
phylogenetic diversity as measured with Faith’s phylogenetic
diversity metric (Faith, 1992). However, the question of
whether targeting a phylogenetic diversity measure for a
group of organisms would also cover the one for another
group has not been explored so far. Here, we propose a
comparative approach to investigate spatial patterns of a
phylogenetic diversity and species diversity (SD, combined
measure of richness and evenness) for mammals, birds and
amphibians over Europe while accounting for species habitat
preferences within pixels. Using updated phylogenies and the
Rao’s quadratic entropy to measure phylogenetic diversity
(Rao, 1982) (hereafter referred as QEPD) and SD, we study
their spatial distribution for each group separately and deter-
mine which regions show higher or lower phylogenetic diver-
sity than expected. Finally, we undertake an assessment of
the biodiversity coverage of the European network of PAs
and estimate whether and to which extent the current PAs
network covers areas of higher/lower phylogenetic diversity
than expected for these three groups of species
simultaneously.
METHODS
Extent of the study area and spatial dataset
The study area includes the entire European subcontinent
including Turkey (part of Asian continent) to have a complete
picture of the Mediterranean coast. We used data on the spatial
distribution of 275 mammals, 429 birds and 102 amphibians.
These datasets were compiled from Maiorano et al., 2013 (see
Appendix S1 in supporting information). For mammals and
amphibians, the primary data were extent of occurrences
(EOOs) collected from the IUCN Global Mammal Assessment
and Global Amphibian Assessment (IUCN, 2013). For bird spe-
cies, EOO were obtained in combining data available from
Hagemeijer & Blair (1997) with those available from the
BWPi2.0.1 DVD-ROM (Birds of the Western Palearctic Inter-
active 2006, version 2.0.1). For all species, habitat requirements
were collected from expert opinion and published literature
(Maiorano et al., 2013, Appendix S1). The collected data were
used to assign a suitability score (0, unsuitable; 1, secondary
habitat; and 2, primary habitat) to each of the 46 GlobCover
land use/land cover classes (300 m resolution). Scores were
used to remove unsuitable cells (scored 0) and refine EOOs (no
presence data were added, only false presence data were
removed). Species distribution data were scaled up to a 10′ reso-
lution. For each 10′ grid cell and for each species considered, we
kept the percentage of suitable habitat by summing the 300 m
pixels corresponding to primary or secondary habitat and we
refer to this percentage as ‘potential suitable area’ hereafter.
Phylogenetic data
Phylogenetic data for mammals were based on the updated
super tree of Fritz et al. (2009). We used 100 fully resolved
phylogenetic trees, where polytomies were randomly resolved
applying a birth–death model to simulate branch lengths
(Kuhn et al., 2011). For birds, we extracted the 100 dated
and fully dichotomous phylogenetic trees from Thuiller et al.
(2011) and retained the 10 best ones as the variation between
the trees was very low.
For amphibians, we conducted phylogenetic inference
analyses based on DNA sequences extracted from GenBank
(Appendix S2; Roquet et al., 2013). The phylogenetic analy-
sis, conducted with RAxML (Stamatakis, 2006), included a
search for 100 suboptimal trees, which yield identical topolo-
gies and similar branch lengths. The 100 phylogenies were
transformed into cophenetic distance matrices and compared
with Mantel tests. There were all highly correlated (correla-
tion > 0.99). Because of that, we run all subsequent amphib-
ian analyses using the best maximum likelihood tree
(available on TreeBASE, accession number: S13561). This
tree was dated with penalized likelihood as implemented in
r8s (Sanderson, 2003), using several fossil data to constrain
certain nodes (Appendix S2). This is to our knowledge the
most up-to-date phylogenetic tree for European amphibian
species.
Diversity measures
To measure both species and phylogenetic diversity, we used
the Rao’s quadratic entropy (QE; Rao, 1982), a within-
assemblage diversity measure (so-called alpha diversity)
defined as the extent of dissimilarity between species in an
assemblage (de Bello et al., 2010). For a given site (a 10′
cell), QE is defined as:
QE ¼
Xs
i¼1
Xs
j¼1
dijpipj
where dij is the dissimilarity between each pair of species i
and j. pi and pj are the respective proportion of the species i
and j, and can be expressed as any measure of relative species
abundances (de Bello et al., 2010). In our study, pi and pj
are taken from the ‘potential suitable area’ estimated for each
species. For measuring phylogenetic diversity (QEPD hereaf-
ter), dij was calculated as the patristic distance between spe-
cies i and j derived from the phylogenetic trees. For species
diversity (SD), dij was set to either 1 (when i 6¼ j) or 0
(when i = j) and in this particular case, QE equates to the
Gini–Simpson index (de Bello et al., 2010). To make sure
our indices were directly comparable, we transformed QEPD
and SD values into equivalent number (Jost, 2007; Chao
et al., 2010). The analyses were performed on 100 trees for
mammals and 10 trees for birds to account for phylogenetic
uncertainty. The results shown are median QEPD over the
trees.
Phylogenetic diversity was originally estimated using the
sum of the branch length of the species present in the assem-
blage (Faith, 1992), but since then several alternatives have
been proposed (Pavoine & Bonsall, 2011). Here, we used
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QEPD because it allows incorporating our measure of ‘poten-
tial suitable area’. In particular, it makes sure that pixels with
equal number of species but very different proportion of
suitable habitat for the respective species are distinguished.
Practically, it allows a fine mapping, and this is also particu-
larly interesting for a conservation perspective, because it
allows distinguishing sites to prioritize based on the potential
population size of species (i.e. assuming that area is linked
to population size).
Species diversity against phylogenetic diversity
Instead of using a null model to remove the effect size of
QEPD as usually done in community ecology to detect
under- or over-dispersion (e.g. Cavender-Bares et al., 2004),
we used a model-based approach. The reason was twofold:
first, standardized effect size estimations require a Gaussian
distribution of phylogenetic distances, which was not the
case here, and second, most of large-scale analyses have used
a model-based approach, which facilitates comparisons
(Davies & Buckley, 2011; Fritz & Rahbek, 2012). To analyse
the spatial pattern of discrepancy between QEPD and SD in
Europe, we built a spatial regression model between QEPD
and SD for each vertebrate group. As the relationships
between QEPD and SD were visually between linear and qua-
dratic, (Fig. S2), we tested both linear and quadratic terms.
To account for spatial autocorrelation, we included geo-
graphic coordinates as a smooth factor (Wood, 2006). We
chose this simplistic approach because models that account
for a geographic correlation structure (e.g. generalized least
squared regression) or more complex autocovariate (e.g. Ei-
gen vector mapping, Peres-Neto & Legendre, 2010) were too
data and time demanding to run at such resolution.
Pixels that deviated from the expected QEPD/SD relation-
ship were thought to be the signature of particular evolu-
tionary histories (Fig. 1, Fritz & Rahbek, 2012). To identify
them, we used extreme positive and negative residuals
depicting, respectively, areas with higher and lower QEPD
than expected from the European QEPD/SD relationship.
These residuals are called QERES hereafter. All models have
been calibrated using the ‘mgcv’ package within R.2.12.1 (R
Development Core Team, 2013).
Spatial covariation of phylogenetic diversity across
vertebrate groups
To examine how QEPD covaried in space for the three taxo-
nomic groups, we regressed QERES of each group against the
other two. To evaluate congruency between the spatial distri-
bution patterns of the different taxonomic groups, we classi-
fied QERES for each taxa within each cell as follow: values
larger than 75% quantile were classified as 1, values lower
than 25% quantile were classified as -1 and values falling in
between were assigned a 0 value (we used this classification
because we wanted to have the distribution tails of the
residuals values). We then combined the values for the three
taxonomic groups obtaining 27 codes (e.g. 1 for mammals, 0
for birds, 1 for amphibian results in the code 101). We
referred the combinations ‘-1-1-1’ and ‘111’ as negative and
positive convergence, respectively, whereas ‘000’ was called
neutral convergence. The combinations differing in all three
digits were referred to as divergent, whereas the remaining
codes were noted as others. This classification allowed calcu-
lating the proportion of areas that show congruency (i.e.
convergent sites) or mismatch (i.e. divergent and ‘others’
sites) between the three taxonomic groups and was further
used in the PAs assessment analysis (see next section). This
classification might be seen as subjective but is close to hot-
spot definition based on species–area relationships (Guilhau-
mon et al., 2008). Here, it allows us to highlight the pixels
where the three vertebrate groups have strikingly lower or
higher than expected phylogenetic diversity.
Spatial congruence between protected areas and
phylogenetic diversity patterns
We evaluated the current representation of each conver-
gence-divergence category within three nested protected area
(PA) networks. We first conducted the analyses on the com-
plete list of PAs available from the World Database on Pro-
tected Area (WDPA, http://protectedplanet.net/) for our
study area. To account for the broad range of PAs in WDPA
that vary in terms of conservation action, we conducted
analyses on a second network including only PAs with the
most stringent conservation legislation (i.e. PAs belonging to
IUCN category I and II). Finally, the third network con-
cerned only Natura 2000 sites (http://www.eea.europa.eu/)
and was reduced to European Union countries only. We first
estimated the percentage of protection of each 10′ grid cell
(NPROT). To assess the representation (R) of each conver-
gence-divergence categories within the PAs, we calculated the
overlap between NPROT and the cells of each category
(NcatPROT) and we then divided NcatPROT by the total
number of cells of each category (NcatTOT).
To test the effectiveness of PAs network, we spatially ran-
domized the distribution of NPROT (1000 times) and recalcu-
lated R of each category for each run, obtaining with this
procedure a null distribution to be compared with the
observed R for each category. This randomization scheme
explicitly tested whether the sites of QEPD convergence ver-
sus divergence between species groups were more or less
protected than under a random distribution of PAs.
RESULTS
The relationship between species diversity (SD) and phyloge-
netic diversity (QEPD) was nonlinear (Fig. S2). For mammals
and amphibians, a quadratic model had a better fit
(R2 = 0.93, P < 0.001 and R2 = 0.83, P < 0.001, respectively,
Table S1) than any linear alternatives (mammals, R2 = 0.87,
P < 0.001 and amphibians R2 = 0.82, P < 0.001, Table S2).
For birds, the difference between a linear and a quadratic fit
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was null (equal R2 = 0.59, P < 0.001, Tables S1 and S2). To
have consistent relationships for the three groups, the results
presented hereafter refer to the quadratic models. The QEPD/
SD relationships were linear for low and moderate levels of
SD (i.e. the addition of a given species increased QEPD) and
then became saturated for high SD values. In other words,
when reaching a certain level of SD, QEPD cannot increase
anymore, the overall tree of life for a given group being
already entirely sampled.
Comparing spatial patterns of SD, QEPD and QERES pro-
vided complementary results within and among the three
groups of vertebrates. In particular, the distribution of QEPD
for both mammals and birds showed a north-eastward
increase with highest values in the Russian plains and Tur-
key for mammals, whereas this pattern was not found for
amphibians (Fig. 2), which concentrate high QEPD values in
south-west of Europe, particularly in the Po valley (Italy)
and in Galicia (Spain). However, while the values of QERES
for birds were negative in the major European mountain
ranges (Alps, Carpathians, Apennins, Turkey mountains and
Pyrenees), the opposite pattern was shown for mammals
and amphibians (Fig. 2). In other words, the visible high
QEPD for mammals and amphibians in European mountains
was not only an effect of SD. Birds also showed areas of
QEPD higher than expected from SD in regions associated
with rivers (e.g. Volga Delta in Russia, Dniester and Dnieper
estuary in Ukraine, Danube Delta in Romania) and lakes
(e.g. Lacha lake in Russia, V€arnen in Sweden, lake Van and
Tuz in Turquey) (Fig. 2). There were also very diverging
patterns in Cyprus and Corsica and in Mediterranean Basin
across the different groups; whereas QEPD of birds was gen-
erally high in those areas, there was correspondingly lower
QEPD than expected with respect to SD for mammals
(Fig. 2).
The covariation of SD between taxonomic groups was
positive with a high correlation between mammals and
amphibians (Table 1a, Fig. S3). Species-rich areas for one
taxonomic group tended also, to some extent, to be rich
areas for the other two groups. However, this apparent con-
gruency did not hold for QEPD: as expected from the appar-
ent mismatch of QEPD spatial distributions (Fig. 2), the
strength of covariation between the three groups did not
show any kind of relationship for both QEPD and QERES
(Table 1b,c, Figs S4 and S5). Moreover, strong spatial pat-
terns emerged when comparing extreme values of QERES
(Fig. 3). Only 1% of Europe (Fig. S6, Appendix S3) shows
areas of positive convergence for the three taxonomic groups
(i.e. areas with higher QEPD than expected for each group)
and 1.6% of negative convergence (i.e. areas with lower
QEPD than expected for each group), whereas 17% of the
territory diverges completely between mammals, birds and
amphibians (i.e. areas where QERES is positive for one taxa,
negative for the second and null for the last one).
The percentage of QEPD representation in European PAs
was not equal between the different PA networks (Fig. 4)
with a higher representation of the QEPD congruency catego-
ries in Natura 2000 compared to the global world’s protected
area network (WDPA) and the world’s protected area net-
work with only IUCN categories I and II considered (WDPA
I, II). This is not surprizing as Natura 2000 covers more sur-
face (17.7%) of Europe than the others do (10.4% for
WDPA and 2.3% for WDPA I, II). In average, any PAs net-
work tended to retain less QEPD than expected for birds and
mammals while for amphibians PAs retained more QEPD
than random (Table S4, Appendix S3). Regarding the areas
of higher/lower QEPD relative to SD, results show an uneven
protection: areas of high QEPD relative to SD tend to be well
represented in PAs compared to random for any taxa and
any PA network analysed, but areas of low QEPD relative to
SD tend to be underrepresented (Table S5, Appendix S3, sig-
nificant for all taxa except for mammals). The representation
of each category is consistent among PAs networks meaning
that when one category is well represented by one network it
is also the case in the other network. Sites with positive, neg-
ative and neutral convergence (PC, NC and NeC) are always
less represented in PAs than random (Fig. 4; only significant
for PC in WDPA, P < 0.01, for NC in WDPA I, II,
P < 0.001 and for NeC for Natura 2000, P < 0.001). For
instance, only 8.54%, 1.63% and 16.41% of the total PC cells
are covered by WDPA, WDPA I, II and Natura 2000, respec-
tively (Fig. 4 and Table S3, Appendix S3), when a random
distribution of those PAs networks will cover these cells cate-
gory better (10.43% ! 0.94 for WDPA, 2.26% ! 0.51 for
WDPA I, II and 17.70% ! 1.68 for Natura 2000). On the
contrary, divergent sites (D, Fig. 4 and Table S3, Appendix
S3) are better covered by any PAs network than a random
distribution of PAs would. Indeed, 11.3%, 3.03% and 20.8%
of D cells are covered by WDPA, WDPA I, II and Natura
2000, respectively, whereas only 10.41% (! 0.21), 2.28%
(! 0.11) and 17.75% (! 0.37) of D cells would be captured
if WDPA, WDPA I, II and Natura 2000, respectively, were
randomly distributed.
DISCUSSION
Patterns of spatial mismatch between the
phylogenetic diversity of European vertebrates
Surrogate taxa are often used in conservation exercises due
to the urgency in decision-making and the lack of compre-
hensive data for the majority of taxa (Rodrigues & Brooks,
2007). Such approaches assume that maximizing the diver-
sity of one clade could lead to the maximization of overall
biodiversity (e.g. other taxa). In our study, we showed posi-
tive covariation of SD across vertebrates in Europe with
highest correlation observed between mammals and
amphibians compared to birds. Similar patterns have also
been found at global (Grenyer et al., 2006; Lamoreux et al.,
2006; Fritz & Rahbek, 2012), continental (Ara"ujo et al.,
2004) and national levels (Xu et al., 2008). This supports
the idea that a species-rich region for one taxonomic group
might be also expected, to some extent, to be rich for other
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taxonomic groups. However, these correlations are usually
weak and sometimes simply explained by latitudinal gradi-
ents in diversity (Flather et al., 1997). Comparatively, the
covariation of QEPD patterns is weak between mammals
and amphibians and almost null between birds and the two
others taxonomic groups, meaning that high QEPD areas
for one group is not at all representative of the QEPD level
of the other groups. This suggests that in Europe and while
accounting for species potential suitable area in the
estimation of diversity, the surrogate’s principle cannot hold
for other biodiversity facets than species richness, here
phylogenetic diversity.
SD QEPD QERES
1 16 1 3 1–1
1 159 1 7 –3.2 3.2
–2.5 2.51 6641
Mammals
Birds
Amphibians
Figure 2 Spatial distribution patterns of species diversity (SD, left column), phylogenetic diversity (QEPD, middle column) and the
residuals (QERES, right column) from the spatial regression between QEPD and SD for mammals (upper line), birds (middle line) and
amphibians (lower line). For SD, low to high values are represented by a green colour gradient from soft to dark green, the QEPD
follows a yellow to red gradient for increasing values of QEPD and for QERES values, the blue colours depict negative values of residuals
(lower diversity than expected by the relationship between QEPD and SD) while the red colours depict positive residuals (higher QEPD
than expected).
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Potential mechanisms explaining biodiversity
patterns
Disentangling the processes governing biodiversity patterns is
not trivial (Gaston, 2000). Behavioural and ecological varia-
tion between the different groups of species might partly
explain the observed patterns (Mittelbach et al., 2007). We
showed that mammals have high SD in mountains, while this
pattern is not found for amphibians and birds. Mammals are
endotherm species and can stand in harsh climates (Mittel-
bach et al., 2007) while amphibians have difficulties to cope
with values below zero (Ara!ujo et al., 2006) and will tend to
avoid extreme environments. Birds are also endotherm but
might be more capable to avoid stressful environment due to
their high dispersal ability or migration strategies (Mittelbach
et al., 2007). But behavioural and ecological characters are
probably not the only drivers of biodiversity.
Our approach to depict areas of higher and lower QEPD
than expected for a given SD highlights regions with particu-
larly rich or poor phylogenetic assemblages. Areas of positive
residuals might reflect areas where the speciation rate has
been low through time and lineages present in such region
are likely to be old and suspend only few evolutionary dis-
tinct species (Isaac et al., 2007). Such sites might also be the
mirror of ancient diversification or migration events but
could also reflect high extinction rates (Davies & Buckley,
2011). Comparatively, assemblages with high SD but low
QEPD can reflect a massive and recent diversification event
only for some clades with a low extinction rate. We showed
for mammals that islands (e.g. Corsica and Cyprus) present
lower QEPD than expected; this could be explained partly by
isolation from the main continent, with a species pools gen-
erated mostly by in situ radiation through sympatric specia-
tion resulting in assemblages composed of closely related
species (Losos & Ricklefs, 2009).
Besides the ecological and historical drivers of species dis-
tribution, we cannot disregard the effects of anthropogenic
influence (Mittelbach et al., 2007) and past climate change
events (Ara!ujo et al., 2006). Mammals, birds and amphibians
are highly sensitive to human disturbance (Stuart et al.,
2004; Schipper et al., 2008; Visconti et al., 2011). Anthropo-
genic forces are likely to have impacted species range and
distributions by forcing species to migrate from their original
habitat to new places. Such events (migration, introduction,
extinction or range contraction) are likely to have modified
the composition of assemblages and ultimately influenced
phylogenetic diversity patterns differently for each groups,
for instance, we may lose large body size species first (Fritz
et al., 2009).
Accounting for phylogenetically rich assemblages in
conservation planning
We showed that areas characterized by either high or low
QEPD for the three vertebrate groups simultaneously (i.e.
convergent sites) are few in Europe and not better captured
by PAs network than random. However, when taxonomic
Table 1 Cross-taxon correlations (Pearson correlation coefficient) across birds, mammals and amphibians for (a) species diversity (SD),
(b) phylogenetic diversity (QEPD) and (c) residuals (QERES).
Mammals Birds
Correlation coefficient tvalue Pvalue Correlation coefficient tvalue Pvalue
(a)
Birds 0.44 116.09 < 0.001 / / /
Amphibians 0.75 265.12 < 0.001 0.46 120.08 < 0.001
(b)
Birds 0.0024 0.56 0.576 / / /
Amphibians 0.33 81.08 < 0.001 !0.33 !80.87 < 0.001
(c)
Birds !0.06 !11.82 < 0.001 / / /
Amphibians 0.09 21.51 < 0.001 !0.12 !28.96 < 0.001
16.9 %
19.1 %
22.6 
%
23.5 
%
17.9 %
1 % +
1.6 % –
14.3 % no
Convergence
Divergence
M
BA
Figure 3 Venn diagram showing the congruence (in number of
sites out of the total study area) in phylogenetic diversity
(QEPD) patterns between mammals (M), birds (B) and
amphibians (A). Divergence represents areas where the residuals
(QERES) for the three groups of vertebrates mismatch completely
in space. Convergence encompasses areas where the three groups
show higher values of QEPD than expected (+), lower values
than expected (!) and finally areas where QERES was equal to 0
(no) for the three groups.
Diversity and Distributions, 1–12, ª 2014 John Wiley & Sons Ltd 7
Phylogenetic diversity of vertebrates and reserves
groups are analysed separately, areas of higher QEPD than
predicted are better represented than random for any taxa,
and for any PAs network. Such areas can be considered
important to preserve because they are likely to contain pro-
found nodes (great evolutionary history). Additionally, if we
assume that assemblages with phylogenetically distinct spe-
cies reflect assemblages of functionally different species, the
protection of such areas would potentially maximize the
preservation of ecosystem functioning (Cadotte et al., 2008;
Cardinale et al., 2012). However, whether phylogenetic relat-
edness is a good proxy for functional similarity is controver-
sial, and recent analyses have shown that the assumption
does not always hold (Lavergne et al., 2010; Mouquet et al.,
2012). To verify such assumption, functional diversity, as
measured directly from functional trait data, should be com-
pared to phylogenetic diversity. Areas of lower phylogenetic
diversity than expected could also be of conservation interest
because they could potentially contribute to future evolution-
ary radiations under the hypothesis that they will continue
to evolve at similar rates as in the past (Forest et al., 2007).
In Europe, these sites tend to be underrepresented in the
PAs network.
However, we do not recommend targeting only the areas
mentioned above as conservation priorities, because such a
prioritization scheme would overlook species complemen-
tarity and cost-efficiency (Margules & Pressey, 2000).
Indeed, two sites or regions having the same values of
diversity (SD or QEPD) can reflect either similar or
completely different species to the regional diversity and
pools, meaning that in the maps presented here, there is no
information on the redundancy between sites. A way to
avoid redundancy between sites would be to not only maxi-
mize a set of high diversity sites (a-diversity) but also take
into account the b-diversity (spatial turnover). This would
tell us how much a site contributes to the regional diversity
(c-diversity) and the degree of compositional difference
between sites. In any case, we believe that mapping the
residuals as done here provides conservationists with a
simple tool to contrast regions of high/medium/low congru-
encies between groups.
Underlying uncertainties
Although we used the best information available at European
scale (Maiorano et al., 2013), it is evident that the resolution
used in this study is too rough for practical management.
We have partially addressed this problem by accounting for
the amount of potential suitable area within pixel in the
calculation of the phylogenetic diversity measure. However,
the size of PAs in Europe still far exceeds the resolution of
the distribution data, and our estimated percentage of pro-
tection should not be taken as exact quantitative estimates.
Regional assessments with higher-quality data should then
follow such large-scale studies to accurately test the efficiency
of PAs at protecting feature diversity.
Phylogenetic diversity in conservation: perspectives
Recent literature has questioned the rationale behind con-
serving phylogenetic diversity as well as the likelihood of
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Figure 4 Percentage of representation
of congruency categories within
protected areas. PC, positive convergence,
NC, negative convergence, NeC, neutral
convergence and D, divergence. The black
crosses are the observed percentage of
protection while the boxes represent the
mean percentage of protected cells
(relative to the total number of cell
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randomizations. The stars are the two-
sided pvalues of the test comparing the
observed and expected value.
***P < 0.001, **P < 0.005.
8 Diversity and Distributions, 1–12, ª 2014 John Wiley & Sons Ltd
L. Zupan et al.
adding this component in real conservation plans (Winter
et al., 2013a,b; Rosauer & Mooers, 2013). Several reasons
can justify the difficulty to use phylogenetic diversity as a
relevant component for conservation. Obviously, one reason
is ethical and does not need any biological justification: max-
imizing evolutionary history would preserve the ‘immense
history of Earth’ as a valuable dimension of biodiversity per
se (Cadotte et al., 2010). The ecological reasons (i.e. phylo-
genetic diversity as a proxy for ecological processes, evolu-
tionary potential and ecosystem services) are less clear
because many of the hypothesis behind cannot be taken for
granted but need to be proved for each case considered.
Moreover, adding a biodiversity component such as phyloge-
netic diversity to the one already used and accepted by con-
servation practitioners and policy makers is not an easy task.
In this respect, species will probably still be considered as a
simple and amenable currency for setting conservation
action. However, when it comes that species are not repre-
sentative of biodiversity as a whole, phylogenetic diversity
offers an interesting alternative and is more or less already
used in existing programs (e.g. CITES or EDGE). The grow-
ing availability of phylogenies for several groups and the
development of handy softwares to estimate different indices
of phylogenetic diversity (e.g. package picante in R, Kembel
et al., 2010; Phylocom, Webb et al., 2008) help to produce
maps, which are interesting tools for increasing the scope of
conservation biogeography (Margules & Pressey, 2000).
Beyond these technical aspects, conservationists might com-
municate efficiently on the importance and meaning of
phylogenetic diversity. A possible way of doing so could be
to alert people on the natural heritage that phylogenetic
diversity brings.
CONCLUSION
While global pattern of richness, threat and endemism have
been widely investigated, still little is known on the distribu-
tion of other diversity facets among multiple taxa. In our
study, we offer a simple approach to identify areas of conver-
gence of phylogenetic diversity for the three main groups of
European terrestrial vertebrates. We show that phylogenetic
diversity patterns strongly mismatch in space between groups
and highlight that the diversity of one taxonomic group is
not representative of the diversity of other groups. Moreover,
we show that the current protected area network largely
misses the few convergent regions and that protecting simul-
taneously several taxa and facets of diversity is challenging.
Finally, we suggest that further research should be conducted
on surrogate analyses, both to investigate other groups of
taxa and to explore other facets of biodiversity (e.g.
functional diversity) at different scales.
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Appendix S1: supplementary information on species distribution 
data and compilation 
 
The original dataset was made up of 288 mammals, 13 species were removed 
from the database because they were absent of the phylogeny of Fritz et al., 2009: 
Capra cylindricornis, Capra aegagrus, Microtus dogramacii, Microtus nasarovi, 
Miniopterus fuliginosus, Mus cyprianus, Myotis aurascens, Myotis alcathoe, Ovis 
orientalis (which is a sub-species of Ovis avies present in the dataset), Plecotus 
macrobullaris, Spermophilus taurensis, Plecotus sardus.  
For amphibians, two species were excluded from the original data: Pelophylax 
grafi and Pelophylax hispanicus as they are considered as hybrid species 
(respectively hybrids of P. perezi x P. ridibundus and P. bergeri x P. ridibundus). 
For birds, the original data set was made up of 509 species, 429 species have been 
considered, the remaining species were absent of the phylogenetic trees and have 
been excluded from the analysis.  
Then, the final dataset included information on the spatial distribution of 275 
mammals, 429 birds and 102 amphibians following a 10’ resolution grid for 
Europe. For 47 endangered breeding birds we obtained the EOOs from Birdlife 
(courtesy of Ian May and Mark Balman). We collected species habitat 
relationships from expert opinion (M. Capula for amphibians; A. Montemaggiori 
for breeding birds; G. Amori, D. Russo, and L. Boitani for mammals) and 
published literature (see Maiorano et al., 2013 for the full list of references); 
species with no information on habitat preference or with a too small EOO (< 
12km
2
) were excluded from the analyses. The data collected was used to assign to 
each of the 46 GlobCover land-use/land-cover classes (300m resolution, 
GlobCover, 2008) a suitability score with 3 possible values: 0, for unsuitable 
land-use/land-cover classes; 1, for land-use/land-cover classes that represent a 
secondary habitat (medium suitability); 2, for land-use/land-cover classes that 
represent the primary habitat (high suitability). For most of the species we also 
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recorded the maximum and the minimum elevation at which species can be found, 
and for some species we recorded the maximum distance to water at which they 
can be found. We combined the elevation range with distance to water and habitat 
suitability scores to refine the available EOOs. When no reliable information on 
the elevation range, distance to water and habitat preferences was available, the 
entire EOO was considered.  
!
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Appendix S2: phylogenetic data acquisition, phylogenetic tree 
calibration and accession number for sequence retrieved in 
GenBank for amphibians.  
Data acquisition for amphibians  
For amphibians, we selected all phylogenetic informative regions for which 
sequences were available in GenBank for at least 30% of the species. We 
downloaded 9 mitochondrial (12S, 16S, COI, cytb, ND1, ND2, ND4, tRNA-Leu, 
tRNA-Val) and 2 nuclear (RAG-1, rho) regions (see accession numbers below, 
p15-19). We found relevant molecular data for all species, but we excluded the 
two hybrid species Pelophylax grafi and Pelophylax hispanicus (AmphibiaWeb, 
2012, http://amphibiaweb.org/). We included the snake Xenopeltis unicolor as an 
outgroup to root the tree. For each region, alignment was conducted with four 
programs (Clustal, Larkin et al., 2007; Kalign, Lassmann & Sonnhammer, 2005; 
MAFFT, Katoh et al., 2005; MUSCLE, Edgar, 2004), the best resulting alignment 
was selected based on Mumsa (Lassmann & Sonnhammer, 2005), and checked 
visually. Ambiguous regions of each alignment were removed with trimAl 
(Capella-Gutiérrez et al., 2009). Phylogenetic analyses were conducted using a 
mixed supertree-supermatrix approach (Roquet et al., 2013) by means of 
maximum-likelihood (ML) inference with RAxML (Stamatakis, 2006), 
constrained with a family-level tree extracted from Roelants et al., 2007. Standard 
bootstrapping was conducted with 1000 replicates to assess clade support. We 
conducted 100 differents searches, but given that the topologies of the 100 trees 
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were very similar and that the phylogenetic diversity matrices from all trees were 
highly correlated (Mantel test > 0.99), we finally run the following analysis with 
only the best tree (i.e. the one with the highest likelihood), which has been 
incorporated to TreeBASE (accession number: S13561). 
 
Calibration of the amphibian phylogenetic tree 
The best ML tree was dated with penalized-likelihood as implemented in r8s 
(Sanderson, 2003), using the following fossil data to constrain minimum ages for 
selected nodes: 155 mya for the crown-origin of salamanders (Evans et al., 2005), 
170 mya for Bombianura (Evans et al., 1990), 250 mya for Batrachia (Rage & 
Roček, 1989), 110 mya for the split of Pelobatidae and Pelodytidae families 
(Evans & Milner, 1993), 145 mya for the split of Pelobatidae and Neobatrachia  
(Evans & Milner, 1993), and 61 mya for the split of Plethodidae and Proteidae 
(Gardner, 2003). Additionally, we set a minimum and maximum age (312-330 
mya) for the split between diaspid (Gallus gallus, Xenopeltis unicolor) and 
synapsid amniotes (Mus musculus), used here as outgroups, based on Benton & 
Donoghue, 2007. The best smoothing value (here, 32) was determined by a cross-
validation procedure, as indicated in Sanderson, 2003. 
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Figure S1 Maximum-likelihood tree with highest likelihood for the European 
amphibians. Clades with bootstrap support values (BS) ranging from 90 to 100% 
are indicated with the symbol *. Numbers above branches indicate BS ranging 
from 50 to 89%. BS values below 50% are not reported. Grey circles indicate 
nodes where an age constraint was applied based on fossil data. 
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Accession numbers for sequences retrieved from GenBank to infer a 
phylogenetic tree for European amphibian species. Species are ordered by 
alphabetical order. 
 
Alytes cisternasii: GU086775 (12S), GU086783 (16S), AY442019 (cytb), 
GU086861 (ND4); Alytes dickhilleni: AY333672 (12S), AY333710 (16S), 
AY442020 (cytb), EF441309 (ND4), DQ019494 (RAG1), AY341817 (Rho); 
Alytes muletensis: AY341621 (12S), AY341680, AY333709 (16S), AY341728 
(cytb), EF441310 (ND4), AY323755 (RAG1), AY323731 (Rho); Alytes 
obstetricans: AY585337 (12S), AY585337 (16S), AY585337 (COI), AY585337 
(cytb), AY523757 (ND1), AY585337 (ND2), EF441308 (ND4), AY583334 
(RAG1), DQ283825 (Rho), AY585337 (tRNA-Leu), DQ283112 (tRNA-Val); 
Bombina bombina: AY458591 (12S), EU115993 (16S), EU531208 (COI), 
DQ146949 (cytb), NC_006402 (ND1), NC_006402 (ND2), DQ138574 (ND4), 
DQ283920 (Rho), NC_006402 (tRNA-Leu), EU531340 (tRNA-Val); Bombina 
pachypus: EU531353 (12S), AY500228 (16S), EU531204 (COI), EU531283 
(cytb), EU531378 (Rho), EU531353 (tRNA-Val); Bombina variegata: AJ440764 
(12S), AY971143 (16S), NC_009258 (COI), EF212809 (cytb), AY523758 
(ND1), NC_009258 (ND2), DQ138530 (ND4), AY523750 (RAG1), DQ283919 
(Rho), NC_009258 (tRNA-Leu), DQ283249 (tRNA-Val); Bufo balearicus: 
EU497437 (16S), DQ629598 (ND1), DQ629598 (ND2), EU497608 (RAG1); 
Bufo boulengeri: EU497487 (16S), DQ629602 (ND1), DQ629602 (ND2), 
EU497607 (RAG1); Bufo bufo: AY325988 (12S), FJ882806 (16S), AB159262 
(cytb), DQ629612 (ND1), DQ629612 (ND2), AY583336 (RAG1), BBU59921 
(Rho), FJ882806 (tRNA-Leu), FJ882806 (tRNA-Val); Bufo calamita: BCU52726 
(12S), BCU52759 (16S), L10963 (cytb), DQ629607 (ND1), DQ629607 (ND2), 
EU497610 (RAG1), EU938400 (tRNA-Val); Bufo siculus: EU497456 (16S), 
DQ629608 (ND1), DQ629608 (ND2), EU497609 (RAG1); Bufo variabilis: 
GQ489062 (12S), DQ629600 (ND1), DQ629600 (ND2); Bufo verrucosissimus: 
FJ882807 (12S), FJ882807 (16S), FJ882807 (ND1), FJ882807 (ND2), FJ882807 
(tRNA-Leu), FJ882807 (tRNA-Val); Bufo viridis: BVU52727 (12S), AY680267 
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(16S), AB159263 (cytb), FJ882813 (ND1), DQ629606 (ND2), EU497603 
(RAG1), DQ283940 (Rho), FJ882813 (tRNA-Leu), FJ882813 (tRNA-Val); 
Calotriton arnoldi: DQ092300 (12S), DQ092282 (16S), DQ092240 (cytb); 
Calotriton asper: EU880307 (12S), EU880307 (16S), EU880307 (COI), 
DQ821198 (cytb), DQ517766 (ND1), GU982452 (ND2), AM900489 (ND4), 
AY583348 (RAG1), DQ517766 (tRNA-Leu); Chioglossa lusitanica: EU880308 
(12S), EU880308 (16S), NC_002333 (COI), DQ821196 (cytb), DQ517767 
(ND1), EU880308 (ND2), EU880308 (ND4), AY583347 (RAG1), DQ517767 
(tRNA-Leu), EU880308 (tRNA-Val); Discoglossus galganoi: AY585339 (12S), 
AY585339 (16S), NC_006690 (COI), NC_006690 (cytb), NC_006690 (ND1), 
NC_006690 (ND2), AY442114 (ND4), AY583338 (RAG1), DQ283915 (Rho), 
NC_006690 (tRNA-Leu), DQ283243 (tRNA-Val); Discoglossus jeanneae: 
AY347445 (12S), AY442036 (16S), DQ902149 (cytb), DQ902267 (ND2), 
AY442135 (ND4); Discoglossus montalentii: AY347465 (12S), DQ642116 
(16S), AY347432 (cytb); Discoglossus pictus: AY347473 (12S), AY523761 
(16S), GU799101 (cytb), AY523761 (ND1), AY442137 (ND4), AY364202 
(RAG1), AY364387 (Rho), AY364342 (tRNA-Val); Discoglossus sardus: 
AY347466 (12S), AY333713 (16S), EU744911 (cytb), AY323757 (RAG1), 
AY323733 (Rho); Euproctus montanus: EU880316 (12S), EU880316 (16S), 
DQ821199 (cytb), DQ517776 (ND1), DQ517776 (ND2), EU880316 (ND4), 
DQ517776 (tRNA-Leu); Euproctus platycephalus: EU880317 (12S), EU880317 
(16S), COI AP003580 (COI), DQ821201 (cytb), DQ517777 (ND1), DQ517777 
(ND2), EU880317 (ND4); Hydromantes ambrosii: EU116985 (12S), EU116987 
(16S), FJ602259 (cytb), FJ602322 (RAG1); Hydromantes flavus: FJ602090 
(12S), EU116996 (16S), FJ602265 (cytb), FJ602327 (RAG1); Hydromantes 
genei: FJ602109 (12S), FJ602164 (16S), FJ602275 (cytb), FJ602343 (RAG1); 
Hydromantes imperialis: FJ602129 (12S), EU116993 (16S), FJ602297 (cytb), 
FJ602361 (RAG1); Hydromantes italicus: AY728215 (12S), AY728215 (16S), 
AY728215 (COI), FJ602304 (cytb), AY728215 (ND1), AY728215 (ND2), 
AY728215 (ND4), EU275792 (RAG1), AY728215 (tRNA-Leu), AY728215 
(tRNA-Val); Hydromantes sarrabusensis: FJ602126 (12S), FJ602294 (cytb), 
FJ602359 (RAG1); Hydromantes strinatii: EU116972 (12S), EU116990 (16S), 
FJ602309 (cytb), FJ602369 (RAG1); Hydromantes supramontis: FJ602141 (12S), 
EU116998 (16S), FJ602318 (cytb), FJ602377 (RAG1); Hyla arborea: DQ055835 
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(12S), AY843601 (16S), FJ226837 (COI), FJ226920 (cytb), DQ055814 (ND1), 
FJ227066 (RAG1), AY844575 (Rho), AY843601 (tRNA-Val); Hyla intermedia:  
(16S), FJ226838 (COI), JF318125 (cytb), FJ227096 (RAG1); Hyla meridionalis: 
AY819370 (12S), GQ916810 (16S), FJ226807 (COI), FJ226897 (cytb), 
DQ902200 (ND1), DQ902278 (ND2), AY583339 (RAG1), GQ916820 (Rho), 
AY523763 (tRNA-Leu), EF566953 (tRNA-Val); Hyla sarda:  (16S), FJ226843 
(COI), FJ226927 (cytb), FJ227092 (RAG1); Hyla savignyi: DQ055843 (12S), 
AY843665 (16S), FJ226849 (COI), FJ226934 (cytb), DQ055829 (ND1), 
FJ227059 (RAG1), GQ916813 (Rho), DQ055829 (tRNA-Leu), AY843665 
(tRNA-Val); Gallus gallus: AP003580 (12S), AP003580 (16S), AP003580 (COI), 
AP003580 (cytb), AP003580 (ND1), AP003580 (ND2), AP003580 (ND4), 
NM_001031188 (RAG1), NM_205490 (Rho), AP003580 (tRNA-Leu), 
AP003580 (tRNA-Val); Lissotriton boscai: DQ092287 (12S), DQ092268 (16S), 
EF525956 (COI), DQ821219 (cytb), DQ517831 (ND1), DQ517831 (ND2), 
DQ491754 (ND4), DQ517831 (tRNA-Leu); Lissotriton helveticus: DQ092286 
(12S), DQ092267 (16S), EF525990 (COI), DQ821239 (cytb), AY951504 (ND2), 
AY951649 (ND4); Lissotriton italicus: DQ092288 (12S), DQ092269 (16S), 
DQ821243 (cytb), AY951502 (ND2), AY951653 (ND4); Lissotriton montandoni:  
(16S), EF526011 (COI), DQ821259 (cytb), DQ517842 (ND1), DQ517842 (ND2), 
AY951606 (ND4), DQ517842 (tRNA-Leu); Lissotriton vulgaris: EU880339 
(12S), AY147255 (16S), EF526059 (COI), DQ821272 (cytb), DQ517847 (ND1), 
FJ588972 (ND2), AY951596 (ND4), DQ517847 (tRNA-Leu); Lyciasalamandra 
antalyana: EU430956 (16S), DQ517778 (ND1), DQ517778 (ND2), DQ517778 
(tRNA-Leu); Lyciasalamandra atifi: AF154053 (12S), AF154053 (16S), 
AF154053 (COI), AF154053 (cytb), DQ517779 (ND1), DQ517779 (ND2), 
NC_002756 - ND4 gene (ND4), AY456261 (RAG1), DQ517779 (tRNA-Leu); 
Lyciasalamandra billae: EU430969 (16S), DQ517781 (ND1), DQ517781 (ND2), 
DQ517781 (tRNA-Leu); Lyciasalamandra fazilae: EU430976 (16S), DQ473604 
(cytb), DQ517782 (ND1), DQ517782 (ND2), DQ517782 (tRNA-Leu); 
Lyciasalamandra flavimembris: EU880318 (12S), EU880318 (16S), EU880318 
(COI), EU880318 (cytb), EU880318 (ND1), EU880318 (ND2), EU880318 
(ND4), EU880318 (tRNA-Leu), EU880318 (tRNA-Val); Lyciasalamandra 
helverseni: EU880319 (12S), EU430970 (16S), DQ473603 (cytb), DQ517785 
(ND1), DQ517785 (ND2), DQ517785 (tRNA-Leu); Lyciasalamandra luschani: 
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EU880335 (12S), EU430978 (16S), AY196286 (cytb), DQ517783 (ND1), 
DQ517783 (ND2), AY323753 (RAG1), DQ517783 (tRNA-Leu); Mertensiella 
caucasica: EF029949 (12S), EU880319 (16S), EU880319 (COI), EU880319 
(cytb), EU880319 (ND1), EU880319 (ND2), EU880319 (ND4), EU880319 
(tRNA-Leu), EU880319 (tRNA-Val); Mesotriton alpestris: EU880321 (12S), 
EU880335 (16S), EU880335 (COI), EU880335 (cytb), EU880335 (ND1), 
EU880335 (ND2), EU880335 (ND4), EU880335 (tRNA-Leu), EU880335 
(tRNA-Val); Mus musculus: FJ374651 (12S), FJ374651 (16S), FJ374651 (COI), 
FJ374651 (cytb), FJ374651 (ND1), FJ374651 (ND2), FJ374651 (ND4), 
MUSRAG1A (RAG1), BC013125 (Rho), FJ374651 (tRNA-Leu), FJ374651 
(tRNA-Val); Neurergus crocatus: EU880338 (12S), EU430953 (16S), AY336661 
(cytb), DQ517788 (ND1), DQ517788 (ND2), DQ517788 (tRNA-Leu); Neurergus 
strauchii: NC_008144 (12S), EU880321 (16S), EU880321 (COI), EU880321 
(cytb), EU880321 (ND1), EU880321 (ND2), EU880321 (ND4), EU880321 
(tRNA-Leu), EU880321 (tRNA-Val); Ommatotriton ophryticus: EU483499 
(16S), EF526035 (COI), DQ821267 (cytb), DQ517844 (ND1), DQ517844 (ND2), 
DQ517844 (tRNA-Leu); Ommatotriton vittatus: AJ440773 (12S), EU880338 
(16S), EU880338 (COI), EU880338 (cytb), EU880338 (ND1), EU880338 (ND2), 
EU880338 (ND4), EU880338 (tRNA-Leu), EU880338 (tRNA-Val); Pelobates 
cultripes: DQ642131 (12S), NC_008144 (16S), AJ871086 (COI), DQ333373 
(cytb), AY523760 (ND1), NC_008144 (ND2), NC_008144 (ND4), AY323758 
(RAG1), AY364386 (Rho), AY523760 (tRNA-Leu), AY364341 (tRNA-Val); 
Pelobates fuscus: AJ440771 (12S), DQ283113 (16S), EF133852 (cytb), 
DQ283826 (Rho), DQ283113 (tRNA-Val); Pelobates syriacus: DQ642137 (12S), 
DQ642108 (16S), DQ333372 (cytb); Pelodytes caucasicus: AB530454 (12S), 
AY236811 (16S), AY236777 (cytb); Pelodytes ibericus: EU880330 (12S), 
AY236813 (16S), AY236779 (cytb); Pelodytes punctatus: GQ368659 (12S), 
AB530454 (16S), AY236783 (cytb), AY523762 (ND1), DQ283824 (Rho), 
AY523762 (tRNA-Leu), DQ283111 (tRNA-Val); Pleurodeles waltl: AB058865 
(12S), EU880330 (16S), EU880330 (COI), EU880330 (cytb), EU880330 (ND1), 
EU880330 (ND2), EU880330 (ND4), AY523736 (RAG1), EU880330 (tRNA-
Leu), EU880330 (tRNA-Val); Proteus anguinus: AJ318086 (12S), GQ368659 
(16S), GQ368659 (cytb), GQ368659 (ND1), GQ368659 (ND2), GQ368659 
(ND4), AY650138 (RAG1), GQ368659 (tRNA-Leu), GQ368659 (tRNA-Val); 
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Rana arvalis: AJ222712 (12S), AY147938 (16S), AY522426 (cytb), AY147989 
(Rho); Rana bedriagae: AJ318087 (12S), AY147937 (16S), DQ474141 (cytb), 
EU835642 (ND1), GU812077 (ND2), AY148008 (Rho); Rana bergeri: 
AY043038 (12S), EU835640 (ND1), GU812135 (ND2); Rana caralitana:  (16S), 
EU835650 (ND1); Rana cerigensis: AY147979 (16S), DQ474144 (cytb), 
EU835643 (ND1), AY148009 (Rho); Rana cretensis: AJ002595 (12S), 
AY147980 (16S), DQ474152 (cytb), EU835581 (ND1), GU812138 (ND2), 
AY148010 (Rho); Rana dalmatina: AB023396 (12S), AY147941 (16S), 
AY147962 (cytb), AY147992 (Rho); Rana epeirotica: AY043040 (12S), 
AY147981 (16S), DQ474155 (cytb), EU835649 (ND1), GU812141 (ND2), 
AY148011 (Rho); Rana esculenta: AY043047 (12S), AB029944 (cytb), 
AM887973 (ND2); Rana graeca: AY043043 (12S), AY147942 (16S), AY147963 
(cytb), AY147993 (Rho); Rana holtzi: AY043044 (12S), AY147943 (16S), 
AY147964 (cytb), AY147994 (Rho); Rana iberica: AJ222654 (12S), AY147944 
(16S), AY147965 (cytb), AY147995 (Rho); Rana italica: AY043039 (12S), 
AY147945 (16S), EU595505 (cytb), AY147996 (Rho); Rana kurtmuelleri: 
AY322321 (12S), DQ474227 (16S), DQ474176 (cytb); Rana latastei: AY043046 
(12S), AY147946 (16S), AY147967 (cytb), AY147997 (Rho); Rana lessonae: 
AF161041 (12S), AY147982 (16S), EU047797 (cytb), EU835584 (ND1), 
AM887976 (ND2), AY148012 (Rho), AY322321 (tRNA-Val); Rana 
macrocnemis: EU746401 (12S), AY147947 (16S), AF373160 (cytb), AY607311 
(ND1), AY607311 (ND2), AY147998 (Rho); Rana perezi: AB023397 (12S), 
AY147985 (16S), DQ902145 (cytb), DQ902201 (ND1), GU812144 (ND2), 
AY148015 (Rho); Rana pyrenaica: AJ222651 (12S), AY147950 (16S), 
EU746402 (COI), AY147971 (cytb), AY148001 (Rho); Rana ridibunda: 
AY326063 (12S), AY147983 (16S), AB029945 (cytb), EU835652 (ND1), 
AM900638 (ND2), AY148013 (Rho); Rana shqiperica: AY928616 (12S), 
EU835582 (ND1), GU812149 (ND2); Rana tavasensis: AY147949 (16S), 
AY147970 (cytb), AY148000 (Rho); Rana temporaria: AY928618 (12S), 
AY326063 (16S), FN813812 (COI), AY522428 (cytb), AF314018 (ND1), 
AF314018 (ND2), AY323776 (RAG1), RTU59920 (Rho), AY326063 (tRNA-
Val); Salamandra atra: DQ221222 (12S), AY042786 (cytb), DQ517816 (ND1), 
DQ517816 (ND2), DQ517816 (tRNA-Leu); Salamandra corsica: AY928617 
(12S), AY928614 (cytb), DQ517818 (ND1), DQ517818 (ND2), DQ517818 
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(tRNA-Leu); Salamandra infraimmaculata: EU880331 (12S), EU430954 (16S), 
DQ221242 (cytb), DQ517822 (ND1), DQ517822 (ND2), DQ517822 (tRNA-
Leu); Salamandra lanzai: DQ333814 (12S), EF191040 (16S), AF356699 (cytb), 
DQ517820 (ND1), DQ517820 (ND2), DQ517820 (tRNA-Leu); Salamandra 
salamandra: AY928620 (12S), EU880331 (16S), EU880331 (COI), EU880331 
(cytb), EU880331 (ND1), EU880331 (ND2), EU880331 (ND4), AY650135 
(RAG1), DQ284037 (Rho), EU880331 (tRNA-Leu), EU880331 (tRNA-Val); 
Salamandrella keyserlingii: EU880332 (12S), DQ333814 (16S), DQ333814 
(COI), DQ333814 (cytb), AY593155 (ND1), AY916031 (ND2), DQ333814 
(ND4), AY650145 (RAG1), DQ333814 (tRNA-Leu), DQ333814 (tRNA-Val); 
Salamandrina perspicillata: HQ697272 (12S), DQ821208 (cytb), EU880332 
(ND4); Salamandrina terdigitata: EU880336 (12S), EU880332 (16S), EU880332 
(COI), EU880332 (cytb), DQ517823 (ND1), DQ517823 (ND2), DQ517823 
(tRNA-Leu), EU880332 (tRNA-Val); Triturus carnifex: HQ697277 (12S), 
HQ697272 (16S), EF525960 (COI), DQ821225 (cytb), DQ517832 (ND1), 
DQ517832 (ND2), GU982386 (ND4), DQ517832 (tRNA-Leu); Triturus 
cristatus: EU880337 (12S), EU880336 (16S), EU880336 (COI), EU880336 
(cytb), DQ517834 (ND1), DQ517834 (ND2), EU880336 (ND4), DQ284038 
(Rho), DQ517834 (tRNA-Leu), EU880336 (tRNA-Val); Triturus dobrogicus: 
NC_015791 (12S), HQ697274 (16S), EF525985 (COI), DQ821237 (cytb), 
DQ517836 (ND1), DQ517836 (ND2), GU982390 (ND4), DQ517836 (tRNA-
Leu); Triturus karelinii: HQ697277 (16S), EF526007 (COI), DQ821250 (cytb), 
DQ517837 (ND1), DQ517837 (ND2), GU982451 (ND4), DQ517837 (tRNA-
Leu); Triturus macedonicus: NC_015794 (12S), HQ697278 (16S), DQ821229 
(cytb), DQ517833 (ND1), GQ258962 (ND2), GU982388 (ND4), DQ517833 
(tRNA-Leu); Triturus marmoratus: EU880337 (16S), EU880337 (COI), 
EU880337 (cytb), DQ517839 (ND1), DQ517839 (ND2), EU880337 (ND4), 
AY583354 (RAG1), DQ517839 (tRNA-Leu), EU880337 (tRNA-Val); Triturus 
pygmaeus: HQ697280 (16S), EF526024 (COI), DQ821261 (cytb), DQ517843 
(ND1), DQ517843 (ND2), GU982382 (ND4), DQ517843 (tRNA-Leu); 
Xenopeltis unicolor: AB179620 (12S), AB179620 (COI), AB179620 (cytb), 
AB179620 (ND1), AB179620 (ND2), AB179620 (ND4), EU402870 (RAG1), 
FJ497233 (Rho), AB179620 (tRNA-Leu), AB179620 (tRNA-Val); 
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Appendix S3. Parameter estimates for the quadratic (Tab. S1) 
and the linear (Tab. S2) relationship between SD and QEPD for 
the three taxonomic groups.   
 
Table S1: Parameter estimates for the quadratic relationship between the species 
diversity (SD) and the phylogenetic diversity (QEPD) for a) Mammals, b) birds 
and c) amphibians. Estimates were calculated with a trend surface analysis, i.e. 
using a generalized additive model with latitude and longitude of each grid cell 
used as a smooth factor to account for large-scale autocorrelation structure.   
 
 
a)  
 
*Smooth term QEPD: estimated degrees of freedom = 48.89, F = 1149, p < 0.001 
b) 
 QEPD*: R
2 
= 0.59 
 Estimate  s.e. t p 
Intercept 3.43  1.45E-02 235.75 < 0.001 
SD 9.85E-03  3.80E-04 25.94 < 0.001 
SD
2
 -2.41-05  2.4E-06 -10.02 < 0.001 
*Smooth term QEPD: estimated degrees of freedom = 48.95, F = 1469, p < 0.001 
c) 
 QEPD*: R
2 
= 0.83 
 Estimate  s.e. t p 
Intercept 1.08  6.00E-03 178.9 < 0.001 
SD 0.24  2.00E-03 129.2 < 0.001 
SD
2
 -0.009  1.25E-04 -70.3 < 0.001 
*Smooth term QEPD: estimated degrees of freedom = 48.99, F = 1501, p < 0.001
±
±
±
±
±
±
±
±
 QEPD*: R
2 
= 0.93 
 Estimate  s.e. t p 
Intercept 1.91  9.54E-03 200.0 < 0.001 
SD 1.76E-01  5.93E-04 297.1 < 0.001 
SD
2
 -2.05E-03  9.32E-06 -219.9 < 0.001 
±
±
±
±
CHAPITRE 2 
  84 
 
Table S2: Parameter estimates for the linear relationship between the species 
diversity (SD) and the phylogenetic diversity (QEPD) for a) Mammals, b) birds 
and c) amphibians.  
 
a) 
 QEPD*: R
2 
= 0.87 
 Estimate  s.e. t p 
Intercept 3.27  9.63E-03 340.3 < 0.001 
SD 5.52E-02  2.96E-04 186.4 < 0.001 
 
b) 
 QEPD*: R
2 
= 0.59 
 Estimate  s.e. t p 
Intercept 3.54  9.58E-03 369.8 < 0.001 
SD 6.21E-03  1.13E-04 54.86 < 0.001 
 
c) 
 QEPD*: R
2 
= 0.82 
 Estimate  s.e. t p 
Intercept 1.41  3.8E-03 364.9 < 0.001 
SD 1.18E-02  6.53E-04 180.7 < 0.001 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
±
±
±
±
±
±
±
±
±
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Appendix S4. Relationships between QEPD and SD for the three 
taxonomic groups (Fig. S2). Co-variation of SD (Fig. S3), QEPD 
(Fig. S4) and QERES (Fig. S5) among mammals, birds and 
amphibians.  
 
Figure S2: Relationship between phylogenetic diversity (QEPD) and species 
diversity (SD) for the 3 groups of vertebrate. 
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Figure S3: Co-variation of the species diversity (SD) among mammals, birds and 
amphibians (upper right panels) and their associated correlation factors estimated 
with the Pearson’s product moment (lower left panels). The diagonal panels show 
the distribution of SD values for each group of species. 
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Figure S4: Co-variation of phylogenetic diversity (QEPD) among mammals, 
birds and amphibians (upper right panels) and their associated correlation 
factors estimated with the Pearson’s product moment correlation (lower left 
panels). The diagonal panels show the distribution of QEPD values for each 
group of species (mammals, up left, birds, middle, amphibians, down right). 
 
 
 
CHAPITRE 2 
88
Figure S5: Co-variation of the residuals (QERES) of the quadratic relationship 
between the species diversity (SD) and the phylogenetic diversity (QEPD) 
among mammals birds and amphibians (upper right panels) and their 
associated correlation factors estimated with the Pearson’s product moment 
correlation (lower left panels). The diagonal panels show the distribution of 
QEPD values for each group of species. 
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Appendix S5. Supplementary analyses and details on the PAs 
assessment.  
 
Table S3: Mean observed and expected percentage of representation of each 
convergence category (PC, positive convergence, NC, negative convergence, 
NeC, neutral convergence, D, divergence) within the 3 different protected area 
network. Standard deviation is indicated in the brackets. 
 PC NC NeC D Others 
WDPA Observed 8.54 6.16 10.41 11.3 10.29 
Expected  10.43 
(±0.94) 
10.40 
(±0.75) 
10.42 
(±0.25) 
10.41 
(±0.21) 
10.40 
(±0.07) 
WDPA I, 
II 
Observed 1.63 0.87 1.91 3.03 2.20 
Expected 2.26 
(±0.51) 
2.29 
(±0.41) 
2.28 
(±0.13) 
2.28 
(±0.11) 
2.28 
(±0.04) 
Natura 
2000 
Observed 16.41 17.73 13.64 20.08 18.16 
Expected 17.70 
(±1.68) 
17.74 
(±1.35) 
17.75 
(±0.38) 
17.75 
(±0.37) 
17.74 
(±0.12) 
 
 
Additional analyses:  
To complete the protected areas (PAs) assessment, we conducted an additional 
analysis. First, we calculated the mean observed QEPD value within PAs for each 
taxa and compare it to a null distribution where PAs were randomly distributed 
(1000 randomisations), results are shown in table S4. Second, we looked at the 
representation (R) of residuals within the protected areas (where R = NcatPROT  
/NcatTOT, see main text) for each taxa (mammals, birds and amphibians) 
separately and compare it to a null distribution were PAs were randomly 
distributed (1000 randomisations). The residual classes are decided as follow: 1 
and -1 represent respectively the upper and lower 25% of the residuals 
distribution (normal distribution) and 0 for all values falling in between (see main 
text, materials and methods section), results are shown in table S5.  
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Table S4: Mean observed value of QEPD (phylogenetic diversity) within and 
outside PAs compared to mean expected value of QEPD when PAs are randomly 
distributed (1000 randomisations). Values written in blue represent a mean 
observed value of QEPD significantly lower than expected and red written values 
represent mean observed QEPD higher than expected.  
 
 
 
 WDPA WDPA I, IV  Natura 2000 
  Observed 
Expected 
(±sd) Observed 
Expected 
(±sd) Observed 
Expected 
(±sd) 
Mammals 5.35 (0.58)*** 5.38 (0.003) 5.31 (0.58)*** 5.38 (0.004) 5.17 (0.60)*** 5.18 (0.002) 
Birds 4.04 (0.51)*** 4.10 (0.002) 4.03 (0.52)*** 4.10 (0.003) 3.86 (0.46)** 3.86 (0.001) 
Amphibians 2.20 (0.46)*** 2.08 (0.002) 2.20 (0.45)***  2.08 (0.003) 2.22 (0.50)*** 2.21 (0.001) 
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Table S5: Observed mean percent of representation of each residuals category for 
mammals, birds and amphibians within a) WDPA, b) WDPA I, II and c) Natura 
2000 compared to a random distribution of protected area (Expected ± standard 
deviation). Red denotes mean observed values that are significantly larger than 
the mean expectation, while significantly smaller observed value are noted in 
blue. *** p≤0.001, **p≤0.01, *p≤0.05. 
 
a) 
  Mammals Birds Amphibians  
Residuals 
classes Observed 
Expected 
(±sd) Observed 
Expected 
(±sd) Observed 
Expected 
(±sd) 
1 10.98 10.40 (0.62) 11.57* 10.40 (0.62) 11.57*** 10.42 (0.59) 
-1 7.83*** 10.39 (0.61) 4.32*** 10.40 (0.62) 4.32*** 10.40 (0.59) 
0 10.45*** 10.41 (0.02) 10.54*** 10.40 (0.02) 10.55* 10.41 (0.02) 
 
b)  
  Mammals Birds Amphibians  
Residuals 
classes Observed 
Expected 
(±sd) Observed 
Expected 
(±sd) Observed 
Expected 
(±sd) 
1 5.05 4.66 (0.40) 6.32*** 4.64 (0.39) 6.26*** 4.64 (0.40) 
-1 4.02 4.67 (0.42) 3.14*** 4.68 (0.41) 1.89*** 4.66 (0.39) 
0 4.67 4.66 (0.014) 6.66*** 4.67 (0.014) 4.70* 4.67 (0.015) 
 
c)  
  Mammals Birds Amphibians  
Residuals 
classes Observed 
Expected 
(±sd) Observed 
Expected 
(±sd) Observed 
Expected 
(±sd) 
1 26.80 *** 17.71 (1.02) 34.60*** 17.73 (1.05) 33.24*** 17.73 (1.00) 
-1 23.29 *** 17.77 (1.01) 17.77 17.76 (1.01) 19.63** 17.67 (1.03) 
0 17.35 *** 17.74 (0.04) 17.30*** 17.74 (0.03)  17.28*** 17.74 (0.04) 
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Figure S6. Area of convergence and divergence across the 3 groups of vertebrates 
(mammals, birds and amphibians) in the Western Palearctic. See the methods 
section for more details on the classification scheme. “Mid negative convergence” 
and “mid positive convergence” are refined class from the category called “other” 
where "mid negative convergence" correspond to all declinations of the codes 00-
1, 0-1-1 and 1-1-1 (9 codes in total) and "mid positive convergence correspond" 
to all declination of the codes 001, -111 and 011 (9 codes in total). 
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ABSTRACT: 
Aim To understand the relative influence of energy, heterogeneity, climate 
stability, human influence and space on tetrapod diversity. More particularly, to 
contrast the effects of these drivers on the spatial distribution of species richness, 
functional and phylogenetic diversity of mammals, birds, amphibians and 
squamates species at continental scale.  
Location Pan- Europe including Turkey (25 km resolution) 
Method Based on comprehensive species’ range maps, phylogenetic trees and 
functional information, we calculated species richness (SR), mean pair-wise 
phylogenetic (MPD) and functional (MFD) distances for each species group for 
each 25-km pixel of Europe. Using the random forest algorithm, we related the 
distribution of the different diversity facets to 10 variables assumed to represent 
the hypothetic drivers (energy, heterogeneity, climate stability, human influence) 
while space was included through an autocovariate variable. A specific 
randomization algorithm was used to contrast the relative importance of each 
driver for explaining the different facets of the four groups. We finally built 
individual response curves to analyse the shape and the sign of the relationship 
between the diversity facets and the most influential drivers.  
Results Variables related to the species-energy hypothesis (net primary 
productivity and temperature) were the most influential for the three facets (SR, 
MPD and MFD) for all groups excepted birds. For the latter group, habitat 
heterogeneity was the most important drivers of MPD and MFD. The influence of 
these drivers was varying according to the facets and group considered. For 
example, net primary productivity had a strong positive influence on the MPD of 
amphibians but its influence was rather insignificant for the other group of species 
Main conclusion Disentangling the effect of environmental drivers of multiple 
facets of diversity for multiple groups of species is not trivial. While the species-
energy relationship appeared to be the most relevant to explain the spatial 
distribution of most diversity facets of all groups (excepted birds), the shape and 
sign of the relationships strongly differ between groups and facets.  This could 
have important implications for understanding and predicting the effects of 
environmental changes on those biodiversity facets. 
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INTRODUCTION.  
The increase in species richness that occurs from the pole to the tropics is a 
widely recognized pattern in ecology and a myriad of hypotheses have been 
proposed to explain it (Willig et al., 2003; Hillebrand, 2004). Among the most 
popular ones, the species-energy relationship had received substantial attention 
(reviewed in Evans et al., 2005). The hypothesis suggests that the richness of a 
system is limited by the amount of available energy (Hawkins et al., 2003). For 
instance, an increase in solar energy (and abundance of water) at low latitude 
enhances net primary productivity (mediated by photosynthesis) resulting in 
higher availability of food resources and thus the possibility to host more 
individuals, and thus more species (Currie, David, 1991; Evans et al., 2005; 
Bradford A. Hawkins et al., 2003). Following this hypothesis, several studies have 
reported positive effects of solar energy variables (e.g. temperature) and 
productivity variables (e.g. actual evapotranspiration, vegetation index) on the 
number of co-occuring species (Evans et al., 2005). However, species-energy 
relationship is not the only hypothesis that could explain diversity gradient. 
Indeed, the spatial heterogeneity hypothesis assumes that structurally complex 
habitats are likely to favour the establishment of different species by offering 
different niches (Pianka et al., 1966; Ruggiero & Kitzberger, 2004). The 
mechanism behind is based on the principle that niches govern the distribution of 
species. A niche is an ensemble of biotic/abiotic factors that determines the 
persistence of the species in a given site (Grinnell, 1917). Two species with the 
same niche are likely to compete, and the dominant species would tend to expulse 
the other (i.e. competitive exclusion). To co-exist, only species needs to occupy 
different niches (Diamond, 1975). In consequence, the spatial heterogeneity 
hypothesis assumes that structurally complex habitat may provide more niches 
and diverse ways of exploiting environmental diversity resulting in higher species 
co-occurrence (Currie, David, 1991; Hurlbert & Haskell, 2003; Tews et al., 2004; 
Stein et al., 2014). And indeed, several studies have shown a positive relationship 
between habitat diversity and species richness for birds (Poulsen, 2002), mammals 
(Kerr & Packer, 1997), reptiles (Pianka et al., 1966) and amphibians (Atauri & 
Lucio, 2001). In addition to these two hypotheses, “climate-stability” is suggested 
to positively influence the establishment of species (Ruggiero & Kitzberger, 
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2004). The mechanism for this hypothesis is that a climate that fluctuate over time 
and/or space (e.g. seasonality) may increase the extinction rate or preclude 
specialization, while a constant environment would allow species to specialize on 
a resource (Evans et al., 2005).  Only species able to cope with this resources 
fluctuation would be able to establish in such condition, the resulting being a 
negative relationship between species richness and seasonality.  
Additionally, current patterns of biodiversity are very much influenced by 
humans, with potentially some latitudinal effects. While the impact of current 
human activities have been reported as deleterious for overall biodiversity 
(Fløjgaard et al., 2011), some studies have showed positive relationship between 
human population density and diversity (Araújo, 2003). 
Interestingly, while the factors driving the distribution of species richness is 
extensively documented for multiple groups of species and many biomes, little is 
known when it comes to other facets of diversity (but see Meynard et al., 2011; 
Safi et al., 2011). Yet, ecological study of biodiversity cannot be summarized with 
richness only and recent literature has called for multi-facets analyses that 
incorporate phylogenetic and functional diversity (Díaz et al., 2007; Cavender-
Bares et al., 2009; Devictor et al., 2010; Meynard et al., 2011; Mazel et al., 2014). 
Both functional and phylogenetic have interest since they relate more directly to 
ecosystem resilience to environmental changes and help better understanding the 
biodiversity-ecosystem functioning relationship (Flynn et al., 2009). Indeed 
functional diversity – the extent to which species differs in a set of functional 
traits (Mouchet et al., 2010) – may reflect the ability of a given assemblage to 
effectively respond to global changes and maintain function and ecosystem 
services that are of interest to human societies (Díaz et al., 2007; Cadotte et al., 
2009). Similarly, phylogenetic diversity that reflects the evolutionary history of 
the species composing an assemblage might highlight the capability of an 
assemblage to cope with environmental changes (Forest et al., 2007; Faith, 2008). 
Recent studies have found that spatial patterns of different diversity facets were 
not always matching in space (Devictor et al., 2010; Mouillot et al., 2011; 
Meynard et al., 2011; Zupan et al., 2014). In that respect, we might expect species 
richness, phylogenetic and functional diversity to respond differently to large-
scale environmental gradients.  
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Here we took the challenge to test whether the most influential drivers to explain 
species richness, were also relevant to predict the spatial distribution of 
phylogenetic and functional diversity. Using comprehensive species’ range maps, 
phylogenetic trees and functional trait information, we mapped species richness, 
mean phylogenetic distance and mean functional distance (two metrics 
independent of species richness) of all European terrestrial tetrapods and related 
them to selected environmental variables related to the previously described 
hypotheses. Using a bootstrap aggregating method (random forest), designed to 
improve the stability and accuracy of regression trees, we extracted the main 
influential variables for each facet of each group and analysed the shape and sign 
of the relationships.  
 
MATERIAL AND METHODS 
Study area and species range maps   
We extracted European species range maps for terrestrial tetrapods (mammals, 
birds, amphibians and squamates) from Maiorano et al., 2013. Published data 
followed a regular grid of 300m resolution (WGS84) where a pixel was getting a 
0 value for unsuitable habitat or a value equal to 1 or 2 for secondary and primary 
habitat respectively. For practical reasons, we up-scaled each species range map to 
a 25km by 25km equal-size area grid (ETRS89). This up-scaling procedure 
allowed us to make sure the energy and heterogeneity of the pixel were fully 
captured and to have equal area between low and high latitude. We did so by first 
projecting the original data (300m resolution, WGS84) onto an equal-sized 
reference grid (300m resolution, ETRS89) and then aggregated the distribution to 
a 25km resolution grid. We considered the species as present when at least one 
300m pixel coded either as 1 or 2 fell within a 25km pixel. We excluded all the 
species that where absent from the phylogeny and/or for which we did not have 
functional traits information. In total we considered the distribution of 246 
mammals, 92 amphibians, 381 birds and 196 squamates.   
 
Functional traits.  
Functional traits were here represented by behavioural traits during feeding to 
reflect how species acquire resources from their environment (feeding behaviour 
and activity), and from body mass/length and diet traits to reflect the resource use 
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and requirements of species. We considered these as effect traits that determine 
the impact a given organism has on ecosystem functioning, although the 
distinction between effect and response traits (traits that stand for the response of 
organisms to environmental change) is not always straightforward for animals 
(Luck et al., 2012). Traits for mammals, squamates and amphibians were 
extracted from Thuiller et al. 2014 (see Thuiller et al. 2014 supplementary 
information for details on the sources). A full description of the sub-classes that 
each category of traits encompassed is given in supplementary materials (Table 
S1). 
 
Phylogenetic trees 
Phylogenetic data for mammals were based on the updated super-tree of Fritz et 
al., 2009 further updated for Carnivora clade with the highly resolved supertree of 
Nyakatura & Bininda-Emonds, 2012. In this tree, polytomies were resolved 
applying a birth-death model to simulate branch length (Kuhn et al., 2011). For 
birds and amphibians, we used a fully dichotomous phylogenetic tree available in 
Thuiller et al., 2011 and in Zupan et al., 2014 respectively. For squamates, we 
used the fully dichotomous phylogenetic tree published in Thuiller et al., 2014.  
 
Measures of diversity 
Species richness (SR) was estimated by summing the number of species occurring 
in each pixel of Europe. We estimated both the phylogenetic and the functional 
diversity with the mean pairwise distance index (Webb et al., 2002), a within-
assemblage measure. This index based on distances is a measure of the average 
degree to which a species within an assemblage relate to each other (Clarke & 
Warwick, 1999; Webb et al., 2002). It has the advantage to be independent from 
sampling effort and species richness and can be computed from any distance 
among species (Pavoine & Bonsall, 2011). 
For mean phylogenetic diversity (MPD), the distances were calculated as the 
patristic distance between the n species derived from the phylogenetic trees. For 
the mean functional distance (MFD), the functional distances were estimated from 
the functional trait database. We used a mixed-variable coefficient of distance that 
generalizes Gower's coefficient of distance to allow for the treatment of various 
types of variables when calculating distances (Pavoine et al., 2009). Euclidean 
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distance was used for body mass/length that were first log-transformed and 
normalized. We treated the remaining traits with the Sorensen distance (Dray et 
al., 2003, coefficient of Gower & Legendre, 1986). 
 
Environmental variables 
We selected nine environmental variables known to strongly link to the 
hypotheses frequently proposed to explain diversity pattern (Table 1). To test for 
the species-energy relationship, we used mean annual temperature (annT) as a 
proxy for temperature and kinetic energy (Allen et al., 2002; Kissling et al., 
2012), mean annual precipitation (annP) to represent water availability (Bradford 
A Hawkins et al., 2003), the ratio between the actual and potential 
evopotranspiration (AET/PET) reflecting the quantity of water truly used 
(Stephenson, 1998) and finally the net primary productivity (NPP) which depicts 
primary source of food. To examine the importance of the climatic stability 
hypothesis, we used the temperature and precipitation seasonality (seasT and 
seasP respectively) that represent climatic variation over time. Finally, altitudinal 
range (AltiRange) and land cover diversity (hetero_hab) were used to test for the 
environmental heterogeneity hypothesis. They respectively represent topographic 
and habitat heterogeneity. In addition, to test the role of human activities (e.g. 
population density, land use and roads) in shaping observed diversity patterns, we 
used the human footprint variable (Sanderson et al., 2002). We took all 
environmental variables at their best resolution (Table 1) and up-scaled them at 
25km resolution to follow the same resolution and reference grid as the 
distribution data. All variables showed a Pearson correlation lower than 0.6. 
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Table 1 Explanatory variables (and their abbreviations used throughout the text) 
used to model the pattern of tetrapods diversity in Europe. The variables are 
grouped according to the hypotheses invoked to explain large-scale species 
richness patterns.  
 
Hypothesis and variables  Derivation 
Species energy relationship 
 annT
1
 Mean annual temperature (°C) 
 annP
1
 Mean annual precipitation (mm) 
 AETPET
2
 Ratio between the actual and the potential 
evapotranspiration  
 NPP
3
 Amount of carbon fixed in the biosphere – (t.ha
-1
) 
Climate stability 
 seasT
1
 Standard deviation of the temperature (°C) 
 seasP
1
 Coefficient of variation of the mean annual 
precipitation (dimensionless) 
Topographic heterogeneity 
 hetero_hab
4
 Within-pixel diversity of habitat (reciprocal simpson 
index applied on land cover) 
 AltiRange
1
 Altidudinal range: difference between the minimum 
and the maximum altitude (m) 
Impact of human  
 h_foot
5
 Human foot print  
1
Climatic variables were derived from Hijmans et al. 2005 at 3 arc s (~90m) 
resolution and were scaled up to 25km resolution by averaging. They are free of 
access at http://www.worldclim.org 
2
AETPET was provided by ATEAM (2000-2003) European project  
3
Imhoff et al. 2004. Accessible at 
http://sedac.ciesin.columbia.edu/wdc/geonetSearch?geonetService=wdcmetadata.s
how&id=2 421&currTab=simple 
4
Global land cover primary data for calculating hetero_hab are available here: 
http://www.landcover.org/data/ 
5
Sanderson et al. 2002. Accessible at 
http://sedac.ciesin.columbia.edu/wdc/geonetSearch?geonetService=wdcmetadata.s
how&id=2 387&currTab=simple  
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Spatial autocorrelation 
Both the environmental variables and the diversity metrics inevitably show some 
spatial dependence (Diniz-Filho et al., 2003). To account for spatial dependency 
we built au autocovariate variable for each of the diversity measure (SR, MPD, 
MFD) and each taxonomic group to estimate how much the response variable for 
any site reflects the values of the neighbouring sites (F. Dormann et al., 2007,  
function autocov_dist in spdep R package). However, since this autocovariate was 
unconditional to the environmental variation (i.e. the response variable could 
show a spatial autocorrelation because the environment is itself autocorrelated), 
we related each autocovariate variable (for each group and each facet) to the set of 
environmental variables using a bootstrap aggregating model (random forest, see 
below a more in-depth presentation). We then extracted the residuals of the model 
and then used it as a spatial variable independent of the environment (or at least of 
the environment used here in the study).  
 
Data analyses.  
Modelling procedure 
To determine the relationship between each tetrapods diversity patterns and 
environment, we used a bootstrap aggregating method called random forest 
(Breiman, 2001; Strobl et al., 2009). Random forest has the advantages to deal 
with high number of predictors and no assumptions regarding to the expected 
relationships between the response and explanatory variables is required. Random 
forest produces a committee of regression trees that are aggregated for prediction. 
We built one model including the autocovariate and one without for each of the 
taxonomic group and each diversity measure resulting in total in 24 models. The 
goodness-of-fit of the any model was measured by extracting the R-square of the 
linear regression between observation and predicted values.  
 
Variable importance 
To estimate the importance of each of the explanatory variables, we used a 
“permutation accuracy importance” method (Strobl et al., 2007, 2009), function 
varimp in the R package party). The explanatory variable to test is randomized so 
that its original association to the response variable is broken. The permutated 
variable and the remaining unchanged predictors are used to predict the response. 
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A “variable importance” score is then measured as the difference in prediction 
accuracy (i.e. number of observation classified correctly) before and after 
permutation and averaged all over the trees of the random forest (Strobl et al. 
2009). More the prediction accuracy decreases when the variable is permutated 
more important the variable is. As variable importance scores are unbounded, we 
divided each score by the sum of all variable scores to facilitate comparison and 
interpretation and to get a relative importance. 
  
Shape and sign of the relationships.  
In order to visualize the shape and sign of the relationship between each diversity 
pattern and the explanatory variables, we constructed individual response curves 
for the most important drivers identified in the previous step using the evaluation 
strip method (Elith et al., 2005).  
 
 
RESULTS 
Quality of the relationships between diversity and environment. 
The goodness-of-fit of the models relating the diversity facets to the set of 
environmental predictors were all strong significantly different than 0 (p-
value<0.001, Table 2). The inclusion of the spatial variable into the models 
moderately but generally increased the goodness-of-fit. Correlations between the 
predictions derived from the random forest models including an autocovariate 
were all significant and slightly higher (except for mammal MFD) than when 
spatial dependency was not accounted for (Table 2). Interestingly, the models 
reached very high performance for the three groups mammals, amphibians and 
squamates and for all diversity facets (0.75 ≤ R2 ≤ 0.97 Table 2). While species 
richness for birds was strongly linked to the set of environmental predictors, 
models for MPD and MFD reached lower goodness-of-fit than for the other (R
2
 = 
0.57 and 0.60 respectively, Table 2).  
As expected, the models including the spatial variable did not retain any spatial 
structure in the residuals for both MPD and MFD of any taxonomic groups 
(Moran test, p-value < 0.001). This was not true for species richness for which the 
spatial models still contained residual spatial structure for all groups.  
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Table 2 Goodness-of-fit of the random forest models. The goodness-of-fit was 
measured as the R-square of the linear regression between observed and predicted 
values. Results are expressed in function of the species group concerned, the 
diversity facet under study, and whether the spatial variable was included or not in 
the model.  
 
 Mammals Birds Amphibians Squamates 
 SR MPD MFD SR MPD MFD SR MPD MFD SR MPD MFD 
Without 
space 
0.95 0.80 0.75 0.94 0.56 0.58 0.93 0.89 0.86 0.95 0.85 0.87 
With 
space 
0.97 0.83 0.74 0.96 0.57 0.60 0.97 0.90 0.90 0.98 0.87 0.90 
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Figure 1 Stars graphic representing the importance of each hypothesis for 
explaining the SR, MPD and MFD diversity patterns (column) of mammals, birds, 
amphibians and squamates (lines).  
 
 
 
 
 
 
  
energy stability heterogeneity human space
mammals
birds
amphibians
squamates
SR MPD MFD
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Relative importance of the predictors. 
The variables related to the species-energy hypothesis were the most important to 
explain species richness for the 4 different taxonomic groups and MPD and MFD 
of both amphibians and squamates (Figure 1). When focusing on the influence of 
individual variable (Figure 2), net primary productivity (NPP) emerged as being 
consistently one of the most important to predict SR, MPD and MFD of 
amphibians (relative importance varying between 28% and 49%) and SR of 
mammal (relative importance ≥ 60%).  
Comparatively the energy variables observed to be the most important to explain 
SR, MPD and MFD of squamates was mean annual temperature (annT, relative 
importance ≥ 40%). Environmental heterogeneity (i.e. hetero_hab and altiRange) 
best explained the MPD and the MFD of birds. 
In general, although, variables linked to heterogeneity and species-energy 
hypotheses were the main drivers of most diversity facets, other variables were 
also important (Figure 1,2). For instance, seasonality of temperature (seasT) was 
important for the MPD of mammals and human footprint reached scores higher 
than 9% for the SR of birds and both the MPD and MFD of amphibians. Finally 
the spatial variable was always important (≥10 %) and in particular for mammals 
and amphibians MFD (relative importance ≥ 50 and 30% respectively).  
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Figure 2 Importance of each variable to explain SR, MPD and MFD of European 
mammals, birds, amphibians and squamates. Variables are grouped by hypothesis 
according to a color gradient: blue for variables used to test the species-energy 
relationship, violet for climatic stability, green for environmental heterogeneity, 
orange for the human foot print and gray for the autocovariate. See table 1 for the 
abbreviation of the environmental variables. ac_resid correspond to the residuals 
of the autocovariate.  
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Shape and sign of the relationship between diversity facets and environment.   
Variables linked to the species-energy variables were often the most influential to 
predict the distribution of the different facets of diversity, however how they 
influence them varied depending on the facet and taxonomic group considered 
(Figure 3). While mean annual temperature (annT) had a positive effect on the 
three facets of diversity of squamates, its influence was slightly negative on the 
MFD of both amphibians and birds and strongly negative on the MFD of 
mammals. In other words, mean functional diversity tended to be lower in the 
warmer parts of Europe for mammals. Comparatively NPP had a positive 
influence on both mammals and amphibians species richness but also on the 
distribution of amphibians’ MPD. The impact of human footprint (h_foot) was 
almost null on SR of amphibians, however it had a strong positive effect on the 
MFD with a predicted MFD increasing steeply for small value of human 
perturbation before stabilizing in a plateau. In other words, mean functional 
distance of amphibians tended to be low in absence of human perturbation and 
then high whatever the perturbation. AET/PET had a positive effect on the SR of 
birds while its influence was reversed for MPD and almost no action was reported 
for the MFD. In general seasT positively influenced the diversity of mammals 
(SR, MPD and MFD) with a stronger effect observed for MPD. Finally, all facets 
of diversity responded positively to positive residuals of the autocovariates 
(Figure S1) with stronger effect for any facets of all groups except birds.  
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Figure 3 Comparison of the relationship between each facets of diversity and 
individual environmental predictors. Each line of the graphic correspond to a 
taxonomic group (mammals, birds, amphibians and squamate from top to bottom). 
Abbreviation used for the environmental variables are given in table 1.  
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DISCUSSION 
Our overarching goal was to test whether the hypotheses proposed to explain 
species-richness patterns at large scale were relevant for other facets of diversity, 
namely phylogenetic and functional diversity. The performance (R
2
) of the 
models was in general high although the models built for birds functional and 
phylogenetic diversity performed slightly less than for the other groups and facets. 
This means that environmental variables often used to predict the distribution of 
SR are also pertinent to predict MPD and MFD patterns. This result did not reflect 
the effect of species richness on estimates of phylogenetic and functional diversity 
patterns since we used a measure independent of species richness (Webb et al. 
2002). To make sure our results did not reflect pure spatial structure we took an 
innovative strategy by using a spatial autocovariate (F. Dormann et al., 2007) 
from which we extracted the incidental effects of the investigated environment. 
Visualizing what the residuals of the autocovariate represent is not trivial. 
However, its relative importance to explain diversity patterns is always relatively 
high (especially for mammals and squamates) and this means that a part of the 
spatial variation of the different diversity facets is not explained by the selected 
environmental variables. This particular variable may represent unknown factors 
like historic effect (e.g. colonisation after glaciation, (Fløjgaard et al., 2011), 
dispersal capability (Meynard et al., 2011) or abiotic factors that we are not able 
to capture with environment (Dormann et al., 2007). In particular when mapping 
the residuals of the autocovariate (not shown) used to predict mammals MPD, 
strongly negative residuals appeared in islands where MPD values are rather low 
(not shown here but see Zupan et al. 2014). This means that species present in 
these islands are closely related and but this cannot be explained by the 
environment. In that particular case the residuals of the spatial autocorrelation 
might reflect isolation from the continent (Losos & Ricklefs, 2009). For the 
squamates the pattern of the residuals of the autocovariate was different. Indeed 
negative residuals where found the northern limit of their distribution. In that case 
the residuals of the autocovariate might be just an artefact due to the distribution 
data.  
In general, we showed that the environmental variables used to test the species-
energy relationships were generally the most important to explain species richness 
patterns for all taxonomic groups. This result corroborates with many other 
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studies in the literature (e.g. Hawkins et al. 2003, Hurlbert and Haskell 2003, 
Davies et al. 2007, Qian 2008, Hortal et al. 2008, Buckley and Jetz 2007). 
Regarding to MPD and MFD predictions, dominant variables were different. For 
example, MPD and MFD for birds were better explained by heterogeneity 
variables (hetero_hab and AltiRange) and MPD of mammals depended more on 
seasonality. Regarding seasonality, confounding results have been shown. Indeed 
while seasonality might have a negative effect on SR because only species that 
can cope with varying climate and resources would persist in such areas, other 
mechanism have been proposed. Seasonality within a year might also promote 
richness by enabling summer and winter migrant to co-occur (Evans et al. 2005). 
In that respect we might expect such species to be different which would explain 
high MPD and MFD in such location.   
Comparing the individual impact of variables on the distribution of each diversity 
facets brought new insights. For example, annual temperature seems to have no 
effect on mammal SR but a negative impact on MFD. For a given SR, species 
present in such sites tend to be redundant in term of functional traits that 
characterize them. One explanation could be that high ambient energy conditions 
favour the provision of many resources and species present in these sites would 
not need to particularly specialize (i.e. they would have similar functional traits). 
Another possibility to explain the negative influence of energy variables would be 
the functional redundancy hypothesis (Rosenfield 2002). It suggests that the 
number of function in an ecosystem increase with increasing richness, but only to 
a certain threshold. Above this threshold, all functions would have been sampled 
once already and the addition of new species would not bring new functional 
information anymore (Walker 1992).  
For birds, given the low performance of the models and the absence of spatial 
variation of both MPD and MFD, conclusion regarding to their response to 
climate is difficult to draw. In order to understand better what are they 
environmental correlates, one option would be to conduct similar analyses but by 
segregating species per guild (e.g. granivores, herbivores, carnivores). In a recent 
study Kissling et al. (2012) showed diverging diversity patterns among guild and 
different response to environment.  
Diversity patterns do not show strong response to the human footprint. This is 
surprising because other study have revealed positive correlation between the 
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density in human population and the number of species (e.g. mammals, Araujo et 
al. 2003). The mechanism advocated to explain this correlation is that availability 
of resources favour human settlement and has at the same time a positive effect on 
the persistence of species. In our study we have used data refined by land cover 
classes, in such procedure part of the human mediated impact might have been 
already removed from the distribution of the species. 
 
 
CONCLUSION 
Surprisingly while the response of richness patterns to large-scale environmental 
gradient has been widely studied, researches on drivers of other facets of diversity 
remains rare. In this study we tested the relevance of the commonly advocated 
hypotheses used to explain latitudinal richness gradient (i.e. species-energy 
relationship, spatial heterogeneity, climatic stability and human impacts) to 
explain functional and phylogenetic patterns of European tetrapods. Interestingly 
we showed that the variables used to test the hypotheses were to some extent also 
good predictor of the phylogenetic and functional diversity but that their influence 
varied among taxonomic groups and diversity facets. This highlight that 
environment has an effect on diversity patterns but that mechanisms involved in 
the distribution of each facets are likely to be different.  
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SUPPLEMENTARY INFORMATION 
 
Table S1. Vertebrate’s functional traits used to build a functional dendrogram of 
each taxonomic group and estimate the functional originality of species.  
 
Type of traits  Traits Variable type 
Morphological  Body mass (mammals, birds) 
Body length (amphibians, squamates) 
Continuous 
Diet Mushrooms 
Mosses/Lichens 
Seeds/Nuts/Grains 
Fruits/Berries 
Vegitative 
Invertebrate 
Fish 
Small mammal 
Large mammal 
Herptile 
Bird/eggs 
Small bird 
Large Bird 
Vertebrate 
Bones 
Carrion 
Coprofagus 
Categorical 
Feeding behaviour Opportunistic 
Hunting 
Browser 
Grazer 
Categorical 
Activity Nocturnal 
Crepuscular 
Diurnal 
Arithmic 
Categorical 
Nesting location Viviparous 
Elevated 
Tree/hole/fissure/in/the/bark 
Ground   
Rocks 
Building/Artificial 
Underground/water  
Cave/Fissures/Borrows  
Lodge  
Temporary/water  
Brooks/springs/small/rivers  
Puddles/ponds/pools/small/lakes  
Brackish/waters 
Categorical 
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Figure S1. Comparison of the relationship between each facets of diversity for 
each taxonomic groups and the residuals of the spatial autocovariate. Each line of 
the graphic corresponds to a taxonomic group (mammals, birds, amphibians and 
squamatex from top to bottom).  
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ABSTRACT 
The loss of biodiversity is affecting the functioning of ecosystem and thus society. 
Managing ecosystem services (ES) while protecting biodiversity have become 
within global conservation actions. Whether multiple ES overlap with important 
biodiversity features is an enduring question. So far, studies analysing how ES 
and biodiversity spatially converge have mostly focused on a limited number of 
ES and on species richness as indicator of biodiversity. Yet, biodiversity do not 
rely only on species counts and ecological and evolutionary characteristic should 
also be accounted for. Using European Union (EU27) as case study, we first 
identified trade-offs and synergies among i) ES and ii) ES and biodiversity, the 
latter being captured by functionally and evolutionary distinct tetrapodes 
(mammals, birds, amphibians and squamates). Secondly, with the use of 
alternative conservation scenarios we tested how well a conservation scenario 
based on ES maximization performs in representing functionally and evolutionary 
distinct species, and vice versa. We found little synergy between ES and between 
ES and the distribution of functionally and evolutionary distinct species. 
Interestingly both scenario were in average better than random to represent ES 
and biodiversity. This means that a scenario based on biodiversity criteria is to 
some extent able to also capture ES and reciprocally. However, this comes with a 
price. Indeed, when looking at individual representation of ES within the 
biodiversity scenario, some appeared to be very well captured while other were 
almost not better represented than random. 
 
 
INTRODUCTION 
The loss of biodiversity is affecting the functioning of ecosystem and thus society 
(Díaz et al., 2006; Tilman et al., 2006; Cardinale et al., 2012). In the last decade, 
scientists attempted to map multiple ecosystem services (ES) – the benefits human 
obtain from nature – and investigated their trade-offs and synergies to support 
policy, management and land planning (Naidoo & Ricketts, 2006; Costanza, 
2007; Lavorel et al., 2011; Maes et al., 2012b). A tradeoff is identified when the 
increasing supply of a given ecosystem service is related to the decreasing supply 
of another (Brooks et al., 2006; Raudsepp-Hearne et al., 2010; Qiu & Turner, 
2013). A typical example of this situation is illustrated by the decrease in water 
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quality co-occurring with an increase in crop production, due to agrochemical 
leaches (Rodriguez et al. 2006). At the opposite, the case where two services co-
vary positively, i.e. are enhanced simultaneously, will be referred to as a synergy. 
Usual examples of synergies include the positive relations between carbon 
storage, soil retention and surface water quality in relation to the presence of 
riparian-zone vegetation (Bennett et al., 2009; Raudsepp-Hearne et al., 2010; Qiu 
& Turner, 2013). Understanding and managing such interaction might be of 
importance for enhancing the provision of ES and anticipating their potential 
changes as well as strengthen ecosystem resilience (Bennett et al., 2009) and ES 
are now included in global biodiversity targets as an element to safeguard (Maes 
et al., 2012a). Whether multiple ES overlap with important biodiversity features is 
an enduring question (Chan et al., 2006; Naidoo et al., 2008; Egoh et al., 2011; 
Maes et al., 2012b). However, studies analysing the congruence among ES and 
biodiversity features have mostly focused on a limited number of ES and on 
species richness as indicator of biodiversity (Naidoo et al., 2008; Thomas et al., 
2013). Species richness is an “easy to compile” biodiversity measure and is often 
used as a conservation currency. However, species richness does not provide 
information on other important facets of biodiversity such as the phylogenetic or 
functional differences between species (Devictor et al., 2010; Mouillot et al., 
2011). Species represent different amounts of evolutionary history, reflecting the 
rate of evolution across the Tree of Life (May, 1990; Mace et al., 2003). Every 
species does not provide the same amount of evolutionary history (Redding & 
Mooers, 2006; Isaac et al., 2007): for instance, the extinction of a species that 
belongs to an old lineage, with only one or very few members, would lead to a 
greater loss of biodiversity than that of a species of a young clade with many close 
relatives (Nee, 1997). Similarly, in an assemblage or a region, several species 
might exhibit the same functional characteristic and be involved in redundant 
function within the ecosystem or, at the opposite, be a unique combination of 
functional characteristic and being involved in irreplaceable functions for the 
long-term maintenance of ecosystem functioning because of a unique combination 
of functional characteristics. Despite the recognition that species’ evolutionary 
distinctiveness combined with species extinction risk might provide an efficient 
and pragmatic way of protecting biodiversity (Isaac et al., 2007), it has not been 
applied so far to functional distinctiveness. More importantly, no assessment has 
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been carried out yet on how the maximisation of the representation of functionally 
or evolutionary distinct species in protected areas could also maintain a range of 
ES, and vice versa.  
Here, we use the European Union (EU27) as a case study for which 
comprehensive biodiversity data are available together with an extensive mapping 
of multiple ES. We first identify trade-offs and synergies among i) ES and ii) ES 
and biodiversity, the latter being captured by functionally and evolutionary 
distinct tetrapodes (mammals, birds, amphibians and squamates). Secondly, with 
the use of alternative conservation scenarios we test how well a conservation 
scenario based on ES maximization performs in representing functionally and 
evolutionary distinct species, and vice versa. To do so, we evaluate the average 
representation (proportion of the range protected) of each feature (i.e. all ES and 
all species) within each scenario as taken together and then investigate individual 
feature representation (i.e. representation of individual ES and the most 
functionally and phylogenetically distinct species in each taxonomic groups). 
Finally, we identify locations where ES and biodiversity are maximised (“co-
benefit areas”). in both scenarios. Recent literature has shown that interactions 
between multiple ES are complex (Rodríguez et al., 2006; Brauman et al., 2007) 
and also that different facets of diversity (Devictor et al., 2010; Mouillot et al., 
2011) for different taxonomic groups (Zupan et al., 2014) do not always spatially 
coincide. In this respect, we expect biodiversity to spatially match to some extent 
with specific services but that the relationship would not hold in every location 
and not with any biodiversity facets or taxonomic groups.  
 
 
MATERIAL AND METHODS 
 
(a) Species distribution data 
We used species distribution data for all European terrestrial vertebrates described 
in (Maiorano et al., 2013). For mammals and amphibians the primary data were 
Extent Of Occurrences (EOOs) collected from the IUCN Global Mammal 
Assessment and Global Amphibian Assessment (IUCN, 2013). For squamate 
species, data were mainly compiled from (Sindaco & K, 2008) and completed 
with the Global Squamate Assessment (Cox et al., 2006). For bird species, EOOs 
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were collected from information available from (Hagemeijer & M.J. Blair 
(editors), 1997) with those available from Birds of the Western Palearctic 
interactive 2006, version 2.0.1) and completed with data from Birdlife 
International for endangered species. For each species, EOOs were then refined 
using species habitat requirements defined by expert opinion and published 
literature (see Maiorano et al., 2013 for further details). The collected data were 
used to assign a suitability score (0, unsuitable, 1, secondary habitat and 2, 
primary habitat) to each of the 46 GlobCover land-use/land-cover classes (300m 
resolution). Scores were used to remove unsuitable cells (scored 0) from EOOs. 
To match with the ES data resolution and spatial extent (i.e. EU27), species 
distribution data were aggregated and clipped at 10km following the European 
Environment Agency grid reference (EEA, 2007). As a value for each 10km cell, 
we kept the percentage of suitable habitat (i.e. the fraction of 300m cells coded as 
either 1: secondary habitat or 2: primary habitat falling into the cell). In total we 
considered 160 mammals, 370 bird, 77 amphibians and 119 squamates that occur 
within EU27 and for which we had traits and phylogenetic information.  
 
(b) Functional traits and dendrogram  
Functional traits were here represented by feeding behavioural traits to reflect 
how species acquire resources from their environment (feeding behaviour and 
activity), and from body mass/length and diet traits to reflect the resource 
requirements of species. We consider these as effect traits, i.e. that determine the 
impact a given organism has on ecosystem functioning, although the distinction 
between effect and response traits (traits associated to the response of organisms 
to environmental change) is not always straightforward for animals (Luck et al., 
2012). Traits for mammals, squamates and amphibians were collected from 
various sources and compiled by L. Maiorano. For birds, traits were extracted 
from Pearman et al. (2013), that mostly consisted of data collected from the 
Handbook of the Birds of the Western Palaearctic (Perrins & Ogilvie, 1998). 
Species and data that were not described in the two cited references were gathered 
from species publications and Internet websites treating avifauna (see 
supplementary information in Thuiller et al. 2014). A full description of the sub-
classes that each category of traits encompassed is given in Table S1. 
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(c) Phylogenetic data 
Phylogenetic data for mammals was were based on the updated super-tree of 
(Fritz et al., 2009). We modified this supertree to updatetheupdated for Carnivora 
clade with the highly resolved supertree of (Nyakatura & Bininda-Emonds, 2012). 
Polytomies on the mammal treepolytomies were resolved applying a birth-death 
model to simulate branch length (Kuhn et al., 2011). For birds and amphibians, 
we used a fully dichotomous phylogenetic tree available in (Thuiller et al., 2011) 
and in (Zupan et al., 2014) respectively. For Squamates, phylogenetic inference 
was based on DNA sequence data from 7 nuclear (BDNF, c-mos, NT3, PDC, 
R35, RAG-1, RAG-2) and 6 mithocondrial loci (12S, 16S, COI, cytB, ND2, 
ND4), which were extracted from GenBank with PHLAWD (Smith et al. 2009).  
We included 3 levels of outgroup taxa: Sphenodon punctata (closest living 
relative to Squamata); European turtles, two crocodilians (Alligator and 
Crocodylus) and two birds (Dromaius and Gallus); and finally two mammals 
(Mus and Pan). DNA sequences were aligned with MAFFT (Katoh et al., 2005) 
and ambiguous regions were trimmed with trimAl (Capella-Gutiérrez et al., 
2009). A phylogenetic analysis was conducted with RaxML (Stamatakis, 2006) to 
search for 100 Maximum Likelihood trees, while applying a family tree constraint 
based on (Pyron et al., 2013). The 100 trees were dated after pruning the 
outgroups with penalized-likelihood as implemented in r8s (Sanderson, 2003); we 
constrained 5 nodes based on fossil information extracted from (Mulcahy et al., 
2012). 
For each group, we retained the phylogenetic tree with the highest likelihood to 
estimate the evolutionary originality of the species (see section below).  
 
(d) Measure of functional and phylogenetic distinctiveness. 
We used the “Evolutionary distinctiveness” measure described in (Isaac et al., 
2007) to measure both the evolutionary and functional distinctiveness (refereed as 
ED and FD respectively hereafter). For a given species, the measure of 
distinctiveness equals to the sum of the branch length from the tip to the root 
divided by the number of species subtended to each branch. This formula can be 
applied to any tree for which information on branch length is available, and we 
applied here to the phylogenetic trees (described above) and to functional 
dendrograms constructed with the trait data as follows. 
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To calculate the FD, we transformed our trait database into a dendrogram based 
on functional distance between species. We used a mixed-variables coefficient of 
distance that generalizes Gower's coefficient of distance to allow for the treatment 
of various types of variables when calculating distances (Pavoine et al., 2009). 
Euclidean distance was used for body mass/length that were first log-transformed 
and normalized. We treated the remaining traits with the Sorensen distance (Dray, 
2003, coefficient of Gower and Legendre, Gower, 1986). A hierarchical 
clusteringclustering employing an average agglomeration method was then 
applied (UPGMA, function hclust in R package stats, (Mouchet et al., 2008)). To 
make ED and FD comparable between groups we standardized their values to the 
range between 0 and 1. 
 
(e) Ecosystem services mapping 
We mapped ten different proxies for ecosystem services (Table 1). Each of the 
proxies represents the capacity of ecosystems to provide services, also termed 
biophysical supply or potential (De Groot et al., 2010, Tallis et al., 2012). 
Following the Milleninium Ecosystem Assessment classification we included 
spatial proxies for two provisioning services (timber production and freshwater 
provision), seven regulating services (air quality regulation, climate regulation, 
water regulation, water quality regulation, erosion control, soil quality regulation, 
and pollination) and one cultural service (recreation) (see Supporting 
Information). The values for each pixel were scaled between 0 and 1. These maps 
were further used in the prioritization exercise as conservation value to maximize. 
To avoid any circularity with the biodiversity data, we chose to work with ES that 
were independently derived from Global Land Cover (e.g. we excluded crop 
provision which was estimated directly from Global Land Cover classes). We also 
excluded ES for which we known strong trade-offs will arise with the other 
selected ES (i.e. crop capacity and Livestock, (Maes et al., 2012b) 
 
 
Table 1. Ecosystem services and their associated indicators used in this study 
Services Indicators Unit 
Water provision 
Hydrological excess water 
(HXS) mm / year 
Erosion control Relative area of protective % 
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vegetation in risk zones 
Climate regulation Carbon Storage tonC/ha 
Water regulation Infiltration capacity mm 
Water quality 
regulation Nitrogen retention capacity % 
Soil quality 
regulation % Carbon  % 
Air quality 
regulation Deposition velocity cm/s 
Pollination Pollination capacity dimensionless 
Timber Production Stock m3/ha 
Recreation Recreation dimensionless 
 
 
 (f) Reserve-selection exercise and conservation scenarios 
To optimise the identification of areas where to maximise ES and biodiversity 
protection, we used Zonation, a spatial prioritization software (Zonation, 
Moilanen et al., 2009). The algorithm starts by calculating the conservation value 
of each cell of the region and then removes the least valuable ones iteratively 
while recalculating conservation values at each step. Here, the “Core-area 
zonation” option was used as the removal rule, so that rare features (i.e. feature of 
small extent) contribute more to the conservation value than broadly distributed 
features. The output is a ranking of the whole region from highest to lowest 
conservation value (Moilanen et al., 2005; Moilanen, 2007). Zonation calculates 
the summed proportion of the distribution of the features remaining in each 
ranking fraction. We used this information to estimate the feature (i.e. ES or 
biodiversity-related parameters) representation in the different scenariosscenarios 
used to investigate the spatial trade-offs and synergies in representing biodiversity 
and ES. We built 5 alternative scenarios to be compared: a scenario where the 
representation of ES was prioritized (ES scenario) and 4 different biodiversity 
prioritization scenarios. For the ES scenario we used the ES distribution as input. 
For the biodiversity scenarios, input data were the distribution of the 726 
vertebrate species, the parameter that changed among scenarios was the weight we 
gave to particular species. The goal of the first scenario (SP scenario) was to 
maximize the representation of all vertebrates over Europe without assigning any 
priority to particular species (i.e. no weight). The objective of the second and third 
scenarios was to maximize the representation of all the species paying a particular 
attention to evolutionary distinct species (ED scenario) and to functionally 
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distinct species (FD scenario). In these scenarios, species were weighted with the 
exponential of ED and of FD scores respectively, thus the most highly distinct 
species were getting the highest weight. Finally, in the fourth scenario (EDFD 
scenario) species were assigned a distinctiveness score equalled to the sum of the 
exponential ED and the exponential of FD. In this latter scenario, the objective 
was to give more weight to distinct species regardless whether they are 
evolutionary or functionally distinct, however species that are both evolutionary 
and functionally distinct were getting the highest weight values. As the output 
rankings for the different biodiversity scenarioscenarios were highly correlated 
(Figure S1, supplementary materials), only results relative to the ES and the 
EDFD scenario are presented hereafter, the results relative to the SP, ED and FD 
scenario are given in the supplementary materials. 
 
(g) Data analyses: 
To assess spatial co-variation among ES and between individual ES and 
biodiversity, we regressed each ES against each other and against two measures of 
biodiversity: the total species richness per grid cells (all vertebrates included) and 
the richness in top most EDFD species per taxonomic groups. We considered as 
top most EDFD species the one with the highest ED/FD value, saycorresponging 
to the species characterized by ED/FD values up or equal to the 10% upper 
quantile respectively.  
To compare the alternative scenarios, priority cell ranks for each scenario were re-
evaluated on the basis of their value in representing ES and top most EDFD 
species. We first investigated the mean representation of the 10 ES together and 
top most EDFD vertebrates (all taxonomic groups considered together) in each 
scenario. As we were also interested in the trade-offs and synergies arising 
between taxonomic groups and between ES, we then investigated the 
representation of individual ES and individual taxonomic groups in each 
alternative scenario. Feature’s representation where then re-estimated in a set of 
100 random ranking, this. This allowed assessing whether each scenario 
performed better than a random scenario to protect ES and biodiversity. 
In order to highlight co-benefit areas, we overlaid scenarios by pairs and 
identified the cells having equal ranking, and estimated the number of overlapping 
cells in each fraction of the landscape (e.g. overlap at 1% fraction of the landscape 
CHAPITRE 4 
 136
equals the number of overlaying cells selected in both the top 1% inscoring of the 
ES scenario and in the top 1% of the biodiversity scenario). Note that as the 
fraction of continent EU to be protected reaches 100%, the number of overlapping 
cells also reaches 100%. To assess whether the overlapping cells where not picked 
by chance, we calculated for each fraction of the landscape the probability to pick 
twice the same cell under a binomial distribution. Finally, in order to highlight 
which features were best represented in the overlapping cells with the highest 
score (i.e. cells that overlapped top 1% fraction of Europe in both EDFD and ES 
scenario), we selected the overlapping cells and extracted the values of each 
feature to compare them to the respective mean values over Europe.  
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RESULTS 
(a) Interactions between pairs of ecosystem services and biodiversity. 
Pair-wise comparisons across the entire European extent showed showed a weak 
correlation between most ES (Pearson coefficient; -0.3 ≤ r ≥ 0.3, p<0.05, Table 
S2). However, some ES pairs were moderately and positively correlated (r ≥ 0.3, 
p<0.05), like soil quality regulation and air quality regulation (r=0.177, p<0.05), 
or recreation with both climate regulation and timber production (r = 0.316 and r 
= 0.328 respectively, p<0.05). Comparatively, pollination showed moderate 
negative correlation with soil quality regulation (r = -0.311, p<0.05) and with air 
quality regulation (r = -0.342, p<0.05). Finally, 3 pairs of ES were highly 
positively correlated ( r ≥ 0.5, p<0.05): timber production/climate regulation, soil 
quality regulation/air quality regulation and water regulation/water provision. For 
biodiversity, we noticed positive correlation between all measures of biodiversity. 
We observed high correlation (r ≥ 0.5, p<0.05, Table S2) between the richness of 
vertebrates and the richness of the top most EDFD mammals and birds. However 
correlations between top most EDFD species across individual group were rather 
low. We found a weak negative correlation between vertebrate species richness 
and 6 individual ES (-0.3 ≤ r ≥ 0, p < 0.05). When examining individual 
taxonomic groups, we observed that top most original mammals and squamates 
were negatively correlated to air quality regulation (r = -0.54 and -0.46 
respectively, p < 0.05) and soil quality regulation (r = -0.44 and -0.36 
respectively, with p < 0,05). Lastly, the richness of the top most EDFD squamates 
showed a strong positive correlation with pollination (Pearson coefficient; r = 
0.73, p < 0.05) while this relationship was not observed for the other taxonomic 
groups.  
CHAPITRE 4 
 138
(b) Spatial pattern of priority ranking and features’ representation among 
scenarios 
There were important differences across the two alternative conservation 
scenarios (Figure 1). The ranking arising from the biodiversity scenario (Figure 
1A) showed three zones distributed along a latitudinal gradient. Southern regions 
(From Portugal to Romania on a West-East axis and, from Hungary to the Greek 
islands on a North-South axis) contained most top priority cells (red-orange areas) 
in term of species representation. Northern European countries such as United 
Kingdom, Sweden and Finland also showed zones that are among the best fraction 
of the continent. Comparatively, central Europe was ranked as least valuable to 
represent vertebrate species and its distinct representative species (dark blue areas 
on Figure 1A). Although we also observed areas ranking high in Southern and 
Northern countries in the ES scenarios (Figure 1B), the best top fractions were not 
always clustered in the same places as for the biodiversity scenario, moreover the 
pattern in central Europe showed a more patchy ranking, with notably small areas 
ranked as top fractions in Germany, Czech Republic and Austria. 
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Figure 1. Maps representing the prioritization ranking of Europe according to (A) 
the EDFD scenario and (B) the ES scenario. The colors follow a gradient from red 
to blue with red areas depicting the most valuable fractions and the blue one 
representing the least valuable.  
Figure 2. Representation of (A) top most EDFD species and (B) ES as total area 
selected for conservation increases (in %) in the ES scenario (dashed line) and in 
the EDFD scenario (plain line). Shaded areas indicate 95% confidence limits from 
100 random prioritization runs. The x-axis (feature’s representation) is the 
summed proportion of the distribution of the features remaining in each ranking 
fraction. 
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When comparing the representation of mean features across the different 
scenarios (Figure 2), we found logically that both ES and top most EDFD species 
were better represented in the scenario, which targeted them directly (i.e. top most 
EDFD species were better captured by the EDFD scenario than by the ES scenario 
and vice versa, see Figure 2A). Both ES and top most EDFD species were also 
better represented in any scenario than it would be if cells were prioritized at 
random.  
When taxonomic groups were analysed separately (Figure 3), we found that, when 
considering the top most EDFD species, squamates and amphibians were much 
better represented than mammals and birds and that for any fraction of the 
landscape (Table S3, all significant at p <0.001). For example, when a 5% 
protection target was set for Europe, the mean representation of squamates 
reached 50% while, on average, only 8% of the range of birds would be captured 
(Table S3). The representation of the top most EDFD species was lower in the ES 
scenario compared to the EDFD scenario. For a 20% area target, the 
representation of squamates dropped from 72% to 31% between the EDFD and 
the ES scenario while amphibians lose only 7% of their representation. Even 
though the representation of top most EDFD species was lower in the ES scenario 
for any taxonomic group, this scenario still better represented any of the four 
taxonomic groups than a random prioritization (Table S3).   
The representation of individual ES was also uneven across scenarios (Figure 
3C,D). Although the representation level differed between individual ES, all of 
them were better represented in the ES scenario than under a random prioritization 
(all comparison significant at p <0.001, Table S4). In the ES scenario (Figure 3C), 
erosion control was on average better represented than other ES, and in particular 
better than climate regulation which received the lowest representation at any 
fraction of protection. Lastly, the representation of individual ES in the EDFD 
scenario was highly variable. Not surprisingly given that pollination was highly 
correlated with the top most EDFD squamates richness (Table S2), pollination 
was much better represented than other ES, and even more so than in the ES 
scenario. Conversely, timber production and air quality regulation were less well 
represented than random in the EDFD scenario (Table S4). 
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Figure 3. Representation of top most EDFD species per taxonomic groups in (A) 
the EDFD scenario and (B) in the ES scenario and the individual representation of 
ES in (C) the ES scenario (D) the EDFD scenario  
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 (d) Co-benefit areas 
Despite the apparent mismatch observed between the rankings of the two different 
conservation scenarios (Figure 1), in a few areas both rankings scored high. These 
are the areas where ES and biodiversity are maximised at best (red cells, Figure 
4). For example, at 1% of protected area, a significant number of cells (n=37, 
p<0.001) overlapped between the ranking arising from the EDFD and the ES 
scenario (the expected number of overlapping cells was 4.08, Table S5). When 
examining which features were well represented in these overlapping cells, we 
observed alternative configurations between regions (Table S6). Indeed the highly 
ranked overlapping cells in Spain were characterized by high levels for 
pollination, recreation, climate regulation and top most EDFD amphibians and 
squamates. While also capturing high values for climate regulation the Northern 
coast of Estonia was rather associated with air and soil quality regulation and top 
most EDFD birds richness. In contrast, southern Slovenia had a high level of 
representation for erosion control, water provision and regulation, timber 
provision, and recreation together with top most EDFD mammals richness and 
total vertebrate’s richness.  
CHAPITRE 4 
 143 
Figure 4. The co-benefit map between the ES scenario and the EFFD scenario. 
Colors follow a red to blue gradient with red cell corresponding to cells that 
overlap in the top fraction of both ES and EDFD ranking and blue cells being the 
ne that overlap in higher fraction (i.e. areas that are less valuable)   
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DISCUSSION 
 
Biodiversity and ES trade-offs and synergies 
The variable strength of the degree in spatial correlation between different ES 
suggests that many ES will not be good surrogates for others. Such results have 
already been reported in previous studies work (Naidoo et al., 2008; Tallis et al., 
2008; Raudsepp-Hearne et al., 2010; Qiu & Turner, 2013). This support the idea 
that multiple ES interrelate in complex ways and that their management is 
challenging (Brauman et al., 2007; Egoh et al., 2008; Bennett et al., 2009). 
Comparatively, while biodiversity features (vertebrates richness and top most 
EDFD species richness per taxonomic groups) show positive spatial co-variation, 
these correlations are often weak. In particular, we did not detect a strong 
relationship among the distributions for the most distinct species (top most EDFD 
species) of the four vertebrate groups, suggesting that the distribution of one 
taxonomic group is likely to be a bad predictor of the distribution of another 
group. This corroborates results from previous studies that have reported low 
congruency between different biodiversity facets (Devictor et al., 2010; Mouillot 
et al., 2011) and/or different taxonomic groups (Kareiva & Marvier, 2003; Orme 
et al., 2005; Grenyer et al., 2006; Zupan et al., 2014).  
 
Representation of ES and biodiversity in alternative conservation scenarios 
The analysis of the representation of biodiversity and ES features in alternative 
conservation scenario provides complementary information. Despite the negative 
relationships between relationship of most ES indicators and biodiversity proxies, 
we showed that both scenarios performed better than random in representing, on 
average, any features. On average, the EDFD scenario appeared to perform better 
at protecting ES than the ES scenario was at capturing biodiversity. However, this 
protection is not optimal and ES lose part of their protection when they are not 
directly targeted in the conservation plan, and reciprocally.  Similar analyses of 
conservation strategies prioritizing alternatively ES or biodiversity have produced 
variable conclusions. For instance, Naidoo et al. (2008) showed that a 
conservation strategy based on the maximization of ES, including provisioning 
services at global scale, did not perform better than random in representing 
vertebrate diversity, and vice versa. In contrast, some regional analyses have 
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shown better concordance between regulating services and biodiversity, for 
instance in South Africa (Egoh et al., 2009). However, while such results could at 
first sight suggest that the biodiversity represented well a range of ES, the analysis 
of the individual ES representation showed contrasting results. Indeed, even if the 
EDFD scenario captured 8 of the 10 selected ES better than random, air quality 
regulation and timber production were not be better represented than the random 
baseline. Comparatively the representation of EDFD species in the ES scenario 
was better than random. However, this representation was uneven between 
taxonomic groups, with mammals losing a lot of their protection in the ES 
scenario compared to the EDFD scenario. In conclusion, despite most feature (ES 
and EDFD species) were better represented than expected by chance in each 
reciprocal conservation scenario, it comes with a price and several trade-offs arise 
among ES and, also, between ES and biodiversity features. 
 
ES and biodiversity bundles 
We did not perform a cluster analysis per se to highlight bundles of ES and 
biodiversity facets (i.e. “a set of ES that repeatedly appear together across space 
or time”, (Raudsepp-Hearne et al., 2010), however the co-benefit map revealed an 
interesting pattern. The individual ES and EDFD species groups that are best 
represented in these areas differ from one region to another. This means that we 
do not retrieve any bundle of ES and biodiversity features that remains stable in 
the top most valuable cells over Europe. Given this lack of concordance, these 
areas would probably benefit from different spatial management approaches.  
 
Prioritization settings  
We conducted our analyses using a particular reserve-selection algorithm and 
specific settings. Our work is theoretical and the use of other prioritization 
parameters and/or reserve-selection algorithm would probably have given 
different spatial results. For example, the conservation value in our exercise was 
estimated from the geographic range of the species (total number of cells occupied 
by the species out of the total number of cells of the region). This implies that the 
presence of geographically rare features is likely to be larger in the first priority 
ranked cells than in common species (Moilanen et al., 2005). Squamates and 
amphibians have, on in average, much smaller geographic ranges in Europe than 
CHAPITRE 4 
 146
birds and amphibians (Figure S4), which explains why squamates and amphibians 
are better represented in the EDFD scenario than mammals and birds. In 
conclusion, while further research steps have to be taken for practical use of our 
results in biodiversity and ES conservation, we here highlight important synergies 
and trade-offs and believe this is a first step towards a better understanding of the 
interrelation between ES and biodiversity.  
 
Perspectives for conservation 
Our approach offered an evaluation of the compromise conservationists will face 
when aiming for a synergic conservation of ES and biodiversity, as more and 
more explicitly required by European policy for nature conservation (UE 
Strategy). Our analyses investigated a particular component of biodiversity: the 
representation of the evolutionary and functionally distinct species together with a 
set of selected ES. We believe that on the top of the debate, other issues require 
more thinking. Indeed, we performed our analyses at the European scale and 
adopting this approach might be the most cost-effective. However, conservation 
plan and policies are likely to be drawn at the national or state scale. A deeper 
thinking on whether we want to maximize the provision of ES locally or globally 
should then be addressed (e.g. land sparing vs. land-sharing, Fisher et al. 2008). 
Indeed, for some ES, maximisation at European scale would be reasonable, as for 
carbon storage, due to the global scale of the benefits it relates to (climate change 
mitigation). However, would it make sense to maximise pollination at European 
scale. Indeed knowing their short flying range it might make more sense to 
maximize them more locally. Moreover, the question of whether any ES should be 
maximized together with biodiversity should also be raised, such as the question 
of whether we would like to maximize all categories of ES (i.e. Regulating, 
provisioning, supporting and cultural, Millenium Ecosystem Assessment, 2005)  
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SUPPORTING INFORMATION 
 
Supplement on ecosystem services 
We used a European reference grid of 10 km (EEA, 2007) to map 10 ecosystem 
service indicators or proxies. We mapped indicators for the supply of ecosystem 
services. Each ecosystem service indicator represents therefore the potential or 
capacity of ecosystems present in each 10 km grid cell to deliver ecosystem 
services given suitable environmental conditions. Most ecosystem services maps 
were aggregated for this purpose to the desired resolution using zonal statistics, 
unless stated otherwise.  
 
Timber production. Timber production services refer to the products from trees 
harvested from natural forests and plantations. The timber stock of each cell was 
estimated based on Gallaun et al. (2010) who combined national forest inventory 
data and remotely sensed data to produce pan-European maps on growing stock at 
1 km resolution. 
. 
Fresh water supply. Freshwater provision accounts for the availability of fresh 
water from inland bodies of surface waters. We estimated the capacity of grid 
cells to provide a reserve of freshwater based on the hydrological excess water 
(HXS) in each cell. HXS is the difference between rainfall and evapo-
transpiration (Wriedt and Bouraoui 2009).  
 
Air quality regulation. This service refers to the influence of ecosystems on air 
quality by emitting chemicals to the atmosphere or by extracting chemicals from 
the atmosphere. We used the deposition velocity as an indicator for the capacity of 
vegetation in each grid cell to remove pollutants from the atmosphere (Nowak et 
al., 2006). The main ecosystem based parameters affecting deposition velocity are 
the height of the vegetation (related to the roughness length of the land) and the 
leaf area index (LAI). Both parameters are high in forests, thus explaining their 
substantial contribution to the provision of clean air. Average annual deposition 
velocities (cm s
-1
) were calculated for NO2 using the methodology applied by 
Pistocchi and Galmarini (2010).  
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Climate regulation. Climate services are defined as the influence that ecosystems 
have on the global climate by emitting greenhouse gasses to the atmosphere or by 
extracting carbon from the atmosphere. Carbon storage was used as a proxy to 
estimate the capacity of grid cells to contribute to climate change mitigation. 
Carbon storage data were derived from Gibbs (2006). This spatially-explicit 
global data set provides estimates and spatial distribution of the above- and 
below-ground carbon stored in living plant material in ton ha
-1
. The data set was 
created by updating the classic study by Olson et al. (1985) with a map of global 
vegetation distribution, which is available at 1 km resolution (Global Land Cover 
database; GLC2000). 
 
Water regulation. Water regulation refers to the influence ecosystems have on 
the timing and magnitude of water runoff, flooding and aquifer recharge, 
particularly in terms of water storage potential of the ecosystem. We used 
annually aggregated soil infiltration (mm) as an indicator for the capacity of 
terrestrial ecosystems to temporarily store surface water (Pistocchi et al., 2008). 
The data used are derived from the MAPPE model (Pistocchi et al. 2008; 
Pistocchi et al. 2010). MAPPE stands for Multimedia Assessment of Pollutant 
Pathways in the Environment of Europe and consists of models that simulate the 
pollutant pathways in air, soil sediments and surface and sea water at the 
European continental scale. Monthly infiltration of precipitated water in soils was 
calculated by distributing the net precipitation over run off and infiltration. 
 
Water quality regulation. Water purification refers to the capacity of ecosystems 
to retain, process and remove pollutants, sediments and excess nutrients. Using 
nitrogen as common water quality indicator, Maes et al (2012) mapped nitrogen 
retention capacity as the proportion of nitrogen that is removed from rivers and 
lakes before it is discharged to a downstream catchment. Here we used the same 
mapping approach which is based on a pan-European statistical model developed 
to estimate total nitrogen fluxes to surface water in large river basins (Grizzetti et 
al., 2008). 
 
Pollination. Pollination services are essential to maintain and enhance the 
production of crops that are dependent on insect pollination. We used the relative 
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pollination potential map of Zulian et al. (2013) who developed a European wide 
model to map the relative capacity land pixels to provide pollination services to 
adjacent crops.  
 
Erosion prevention. This service refers to the role of vegetation in soil 
conservation and in preventing the siltation of waterways and landslides. We 
combined a soil erosion risk map with a natural vegetation map to estimate the 
potential of ecosystems to help prevent erosion in risk areas. Erosion risk was 
assessed using K-factor (Panagos et al. 2012). Soils with values > 0.045 (t ha 
h)/(ha MJ mm) are considered sensitive to soil erosion. The final indicator is the 
relative surface area of natural vegetation on soils sensitive to erosion.  
 
Maintenance of soil fertility. Soil services relate to the role ecosystems play in 
sustaining soil biological activity, diversity and productivity; in regulating and 
portioning water and solute flow and in storing and recycling nutrients. As an 
approximation of the capacity of ecosystems in each grid cell to maintain soil 
quality of we used a soil organic carbon content map (Jones et al., 2005). 
 
Opportunities for recreation and tourism. Cultural ecosystem services are 
defined as the nonmaterial benefits obtained from ecosystems, among these the 
recreational pleasure that people derive from natural or managed ecosystems is 
defined as recreation service. Natural and semi natural ecosystems as well as 
cultural landscapes provide a source of recreation for humans. People enjoy 
forests, lakes or mountains for hiking, camping, hunting, fishing or bird watching 
or simply for their existence. The capacity of ecosystems in each grid cell to 
provide recreational services was mapped at 100 m resolution with the assumption 
that it is positively correlated to the degree of naturalness, presence of protected 
areas, presence of lakeshores and coastlines, and quality of bathing water 
(Paracchini et al., accepted).  
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Table S1. Vertebrate’s functional traits used to build a functional dendrogram of 
each taxonomic group and estimate the functional originality of species.  
 
Type of traits  Traits Variable type 
Morphological  Bodymass (mammals, birds) 
Bodylength (amphibians, squamates) 
Continuous 
Diet Mushrooms 
Mosses/Lichens 
Seeds/Nuts/Grains 
Fruits/Berries 
Vegitative 
Invertebrate 
Fish 
Small mammal 
Large mammal 
Herptile 
Bird/eggs 
Small bird 
Large Bird 
Vertebrate 
Bones 
Carrion 
Coprofagus 
Categorical 
Feeding behaviour Opportunistic 
Hunting 
Browser 
Grazer 
Categorical 
Activity Nocturnal 
Crepuscular 
Diurnal 
Arithmic 
Categorical 
Nesting location Viviparous 
Elevated 
Tree/hole/fissure/in/the/bark 
Ground   
Rocks 
Building/Artificial 
Underground/water  
Cave/Fissures/Borrows  
Lodge  
Temporary/water  
Brooks/springs/small/rivers  
Puddles/ponds/pools/small/lakes  
Brackish/waters 
Categorical 
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Table S2. Pearson’s correlation among individual ES and biodiversity measures. All correlation are significant for p < 0.05 . 
 Ecosystem services Richness in top most EDFD species 
  Climate 
regulation 
Air 
quality 
regulation 
Erosion 
control 
Water 
provision 
Water 
regulation 
Water 
quality 
regulation Pollination Recreation 
Soil 
quality 
regulation 
Timber 
production  Mammals Birds Amphibians Squamates 
Ecosystem services  
Air quality 
regulation 0,118              
Erosion 
control 0,262 0,075             
Water 
provision 0,111 0,171 0,087            
Water 
regulation 0,212 0,041 0,231 0,501           
Water 
quality 
regulation 
0,044 -0,012 0,063 0,053 0,013          
Pollination 
0,009 -0,342 -0,006 -0,044 -0,093 0,085         
Recreation 
0,316 0,086 0,216 0,032 0,176 0,036 0,094        
Soil quality 
regulation 0,177 0,446 0,139 0,159 0,258 0,013 -0,311 0,158       
Timber 
production  0,605 0,281 0,253 0,063 0,178 -0,003 -0,296 0,328 0,215      
Biodiversity  
Richness in top most EDFD species   
Mammals 0,101 -0,540 -0,068 -0,198 -0,178 -0,078 0,143 0,014 -0,437 0,108     
Birds -0,055 0,010 -0,135 -0,249 -0,348 -0,005 -0,049 -0,078 -0,067 0,094 0,292    
Amphibians -0,053 0,132 -0,060 -0,132 -0,284 0,011 0,089 -0,012 -0,147 -0,040 0,106 0,340   
Squamates 0,015 -0,458 -0,033 -0,139 -0,143 0,090 0,733 0,044 -0.357 -0,284 0,238 0,043 0,038  
Vertebrates 
richness 
0.065 -0.245 -0.122 -0.193 -0.259 -0.014 0.003 0.008 -0.282 0.202 0.697 0.758 0.368 0.122 
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Figure S1. Ranking comparisons for the alternative biodiversity scenario (SP, SP 
scenario, EDFD, EDFD scenario, ED, ED scenario, FD, FD scenario). Upper 
panels correspond to the R
2 
from the linear regression when comparing pairs of 
scenarios. The stars represent the significance level of the regression (***  = p < 
0.001). 
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Figure S2. Feature’s representation in each alternative scenario. The first row 
corresponds to the representation of the most evolutionary distinct species in each 
scenario, second row correspond to the most functionally distinct species and 
third row correspond to the representation of the individual ES. 
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Table S3. Mean observed values of representation of each taxonomic groups in 
(A) the EDFD scenario and (B) the ES scenario compared to their mean expected 
value of representation in a set of 100 random ranking. 
 
 
(A) Null model for individual taxonomic groups in the ED FD scenario 
  Mammals Birds Amphibians Squamates  
Observed     
mean 0.629*** 0.599*** 0.705*** 0.862*** 
± sd 0.273 0.286 0.237 0.194 
Expected     
mean 0.471 0.471 0.474 0.307 
±sd 0.003 0.002 0.009 0.010 
     
     
(B) Null model for individual taxonomic groups in the ES 
scenario  
  Mammals Birds Amphibians Squamates  
Observed     
mean 0.486*** 0.533*** 0.676*** 0.578*** 
± sd 0.278 0.286 0.262 0.256 
Expected     
mean 0.471 0.471 0.474 0.307 
±sd 0.003 0.002 0.009 0.010 
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Table S4. Mean observed values of representation of individual ES in (A) the ES scenario and (B) the EDFD scenario compared to 
their mean expected value of representation in a set of 100 random ranking. Blue values are for observed values (obs) superior to the 
expected value (exp). 
 
(A) result null model individual 
ES in ES        
 
Climate 
regulation 
Air 
quality 
regulation 
Erosion 
control 
Water 
provision 
Water 
regulation 
Water 
quality 
regulation Pollination Recreation 
Soil 
quality 
regulation 
Timber 
production 
Obs           
mean 0.636*** 0.513*** 0.710*** 0.546*** 0.606*** 0.563*** 0.592*** 0.547*** 0.631*** 0.621*** 
±sd 0.309 0.293 0.287 0.293 0.284 0.297 0.285 0.295 0.278 0.306 
Exp           
mean 0.511 0.487 0.528 0.477 0.455 0.497 0.477 0.498 0.466 0.534 
±sd 0.002 0.001 0.004 0.001 0.002 0.001 0.003 0.001 0.003 0.003 
 
 
(B) result null model individual ES in EDFD
 
       
 
Climate 
regulation 
Air quality 
regulation 
Erosion 
control 
Water 
provision 
Water 
regulation 
Water 
quality 
regulation Pollination Recreation 
Soil quality 
regulation 
Timber 
production 
Obs           
mean 0.525*** 0.468 0.532*** 0.489*** 0.528*** 0.502*** 0.620*** 0.518*** 0.485*** 0.459*** 
±sd 0.301 0.290 0.291 0.293 0.293 0.291 0.291 0.287 0.307 0.299 
Exp           
mean 0.511 0.487 0.528 0.477 0.455 0.497 0.477 0.498 0.466 0.534 
±sd 0.002 0.001 0.004 0.001 0.002 0.001 0.003 0.001 0.003 0.003 
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Table S5. Mean observed number of overlapping cells compared to the expected 
number of overlapping cells for selected fractions of protected landscape. *** 
p<0.001 
 
 
 
 
 
 
Table S6 (next page). Mean observed values of individual ES and biodiversity 
measures for each of the individual of the 37 cells overlapping between the top 
1% ranking of the ES scenario and the top 1% ranking of the EDFD scenario (the 
name of the country in which these pixels occur are given in the first column. 
Stars indicate whether observed values are significantly higher than the mean 
values of individual ES and biodiversity over Europe (first line).  
*** p<0.001, ** p < 0.01, * p < 0.05, 
.
 p< 0.1.    
 
 
Faction of the 
landscape 
1% 5% 10% 25% 50% 75% 100% 
Observed 37*** 345*** 1013*** 4244*** 13849*** 26411*** 43014*** 
Expected 4 109 429 2689 10754 24185 43014 
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 Ecosystem services Top most EDFD species  
vertebrates' 
richness 
Climate 
regulation 
Air quality 
regulation 
Erosion 
control 
Water 
providion 
Water 
regulation 
water 
quality 
regulation 
Pollination Recreation soil 
quality 
regulation 
Timber 
production 
Mammals birds Amphibians Squamates 
Mean value over 
Europe 
0.32 0.27 0.16 0.10 0.06 0.14 0.14 0.34 0.12 0.17 8.38 21.99 2.35 1.17 190.17 
Sweden 
/ / 1*** 0.09 / 0.02 / / / / 3 15 1 0 135 
/ 0.52*** 1*** 0.08 0.03 / 0.06 0.74*** 0.16 0 3 13 1 0 127 
Finland 
0.38 0.35 0 0.13 0.03 0.19 0.07 0.35 0.91*** 0.23 6 23 2 0 179 
0.54 0.39
’
 0 0.11 0.05 0.08 0.08 0.36 1*** 0.18 6 26 2 0 194 
Estonia 1*** 0.43* 0 0.15 0.08 0.04 0.12 0.58
’
 0.93*** 0.31 9 32** 2 0 230
’
 
Poland 
0.53 0.43* 0 0.07 0.03 0.20 0.02 0.59
’
 0.26 0.85*** 10 31* 4** 0 253*** 
1*** 0.45* 0 0.07 0.02 0.20 0 0.62
’
 0.19 0.84*** 10 30* 4** 0 251*** 
slovaka 1*** 0.22 0.96*** 0.11 0.10 0.03 0.04 0.63
’
 0.12 0.87*** 12
’
 19 1 2 209 
Slovenia 
0.07 0.14 1*** 0.14 0.24** 0.03 0.15 0.47 0.11 0.28 10 16 1 1 190 
0.77 0.12 0 0.42*** 0.29*** 0.06 0.03 0.51 0.10 0.92*** 10 20 1 1 219 
0.85 0.18 0.99*** 0.14 0.21** 0.23 0.07 0.65
’
 0.09 0.86*** 12
’
 20 2 2 225 
0.54 0.22 0.96*** 0.14 0.21** 0.17 0.07 0.63
’
 0.09 0.84*** 12
’
 24 2 2 240** 
0.54 0.22 0.93*** 0.05 0.21** 0.12 0.06 0.56
’
 0.09 0.84*** 12
’
 23 2 2 241** 
0.69 0.20 0.94*** 0.06 0.14
’
 0.07 0.06 0.51 0.08 0.89*** 12
’
 22 2 1 236* 
0.77 0.25 0.61 0.05 0.23** 0.10 0.02 0.61 0.10 0.95*** 13* 24 1 2 252*** 
0.69 0.20 0.97*** 0.15 0.15
’
 0.04 0.04 0.64* 0.09 0.91*** 12 23 2 2 244** 
0.54 0.25 0.51 0.19 0.22** 0.11 0.04 0.64* 0.11 0.91*** 14*** 23 1 3 253*** 
Alps 
0.69 0.02 0.87* 0.06 0.07 0.20 0.14 0.33 0.06 0.86*** 11 27 1 2 212 
0.03 0.08 0.19 0.09 0.52*** 0.15 0.05 0.71* 0.03 0.04 9 14 1 2 168 
0.38 0.08 0.40 0.10 0.66*** 0.24 0.03 0.74*** 0.08 0.02 9 11 1 1 150 
0 0.08 0.25 0.13 0.59*** 0.22 0.03 0.74*** 0.04 0.01 9 14 1 1 165 
Portugal 0.92
’
 0.31 0 0.48*** 0.14 0.09 0.29 0.32 0.03 0.25 10 13 3 5* 175 
Spain 
0.92
’
 0.29 1*** 0.13 0.09 0.22 0.30 0.51 0.17 0.17 10 13 3 4
’
 185 
0.50 0.19 0.98*** 0.07 0.03 0.05 0.87*** 0.60
’
 0.04 0 7 26 4** 4
’
 175 
0.06 0.18 0.95*** 0.11 0.03 0.06 0.91*** 0.45 0.03 0.01 7 26 4** 5* 171 
0.07 0.19 0 0.11 0.02 0.09 0.88*** 0.35 0.01 0 7 29
’
 4** 5* 173 
0.92
’
 0.19 0.94*** 0.06 0.02 0.16 0.80*** 0.39 0.04 0.01 7 30* 4** 5* 194 
0.31 0.23 0 0.09 0.03 0.18 0.79*** 0.62
’
 0.02 0.04 7 27 5*** 5* 196 
0.06 0.34 0 0.02 0.03 0.14 0.87*** 0.62
’
 0.03 0.01 8 21 4** 6** 184 
0.06 0.38
’
 0 0.08 0.03 0.11 0.83*** 0.64* 0.03 0.03 8 22 4** 6** 199 
Greek islands 
0.07 0.40
’
 0 / 0.04 / 0.79*** 0.42 0.01 0 2 10 0 7** 85 
/ 0.41
’
 0 / 0.01 / 0.78*** 0.46 0 0 1 17 0 10*** 114 
/ 0.30
’
 0.03 / 0.02 / 0.80*** 0.81*** 0.01 0 8 9 0 9*** 140 
0.07 0.38
’
 0 / 0.03 / 0.78*** 0.40 0.02 0 1 10 0 6** 61 
/ 0.38
’
 0 / 0.03 / 1*** 0.79*** 0.01 0 1 10 0 6** 61 
/ 0.73*** 0.92*** / 0.04 / 0.88*** 0.76*** 0.01 0 1 9 1 5* 60 
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Figure S4. Comparison of the geographic range among taxonomic groups. By 
geographic range we mean the percentage of cells occupied by the species relative 
to the total number of cells of the study areas. The black crosses correspond to the 
mean value, while each black line within the boxes are the medians.  
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L’objectif de cette thèse était dans un premier temps de décrire et de comprendre 
la biodiversité sous plusieurs facettes pour de multiples groupes de vertébrés 
terrestres d’Europe, puis dans un deuxième temps d’investir les liens spatiaux que 
ces facettes entretiennent avec les services écosystémiques afin de mieux 
appréhender les futures stratégies de conservation.  
 
I. Mesurer la biodiversité : un challenge en conservation  
 
I.1 De l’écologie théorique à la conservation 
 
Il y a une différence entre visualiser ce qu’est la biodiversité et la mesurer au 
moyen d’outils statistiques et mathématiques. Pour mesurer la biodiversité on 
utilise des indices qui chacun capture une dimension spécifique de la biodiversité 
(Pavoine & Bonsall, 2011).  
Le fait que la littérature scientifique aujourd’hui regorge d’indices plus ou moins 
différents avec des définitions et des terminologies pas toujours explicites 
(Mouillot et al., 2005; Ricotta, 2005; de Bello et al., 2010; Pavoine & Bonsall, 
2011) n’aide pas à savoir quel indice est le plus approprié pour répondre à une 
question écologique donnée (Winter et al., 2013). Dans ce contexte les travaux 
engagés récemment pour regrouper des indices communément utilisés (richesse 
spécifique, entropie de Shannon, indice de Gini-Simpson, entropie phylogénétique 
et entropie quadratique) en écologie au sein d’un même cadre méthodologique 
(Chao et al., 2010; Leinster & Cobbold, 2012a) et sous la même formule 
mathématique est une avancée certaine pour démêler les relations entre les 
indices. Cependant certaines ambiguïtés quant au contexte dans lequel ces indices 
peuvent être utilisés persistent notamment en conservation et plus spécifiquement 
dans le cadre de la planification systématique. Les nouveaux cadres 
méthodologiques (Jost, 2007; Chao et al., 2010) brièvement synthétisés dans le 
chapitre 1 s’articulent autour du principe de réplication. Selon les auteurs de ces 
travaux, les indices qui ne suivent pas le principe de réplication ne permettent pas 
de raisonner de façon logique et intuitive en écologie et en conservation (Jost et 
al. 2009, Chao et al. 2010, Leinster and Cobbold 2012). Effectivement, lorsque 
l’on souhaite partitionner la diversité en composantes locale (diversité alpha), 
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régionale (diversité gamma) et en changement de composition entre communautés 
(diversité beta), le principe de réplication et l’utilisation des « nombres 
équivalents » prennent tout leurs sens et sont indispensables (Jost, 2007; Jost et 
al., 2010). Cependant, dire qu’ils sont indispensables pour réfléchir de façon 
logique en conservation sans préciser ce qu’on entend par « conservation » est 
ambigu. Cela peut laisser croire que tous ces indices peuvent être utilisés de façon 
sûre à partir du moment où ils sont transformés en nombre équivalent. Pourtant 
tout indice avec un paramètre de sensibilité q supérieur ou égal à 1 n’est pas 
strictement monotone alors que la propriété de stricte monotonie est indispensable 
dans le cadre de la maximisation de la biodiversité au moyen d’outils tels que les 
algorithmes de sélection de réserves. Pour nous, ici il subsiste donc un « fossé » 
entre l’écologie théorique et la mise en place réelle de stratégies de conservation. 
L’histoire de ses deux sciences peut peut-être en partie expliquer ce décalage. 
Historiquement, les indices de diversité étaient utilisés en écologie pour relier la 
diversité aux fonctions des écosystèmes comme par exemple la stabilité des 
écosystèmes ou encore la productivité (MacArthur, 1955; Tilman, 1996). 
Parallèlement, la planification est une science plus jeune (Pressey et al., 1993; 
Margules & Pressey, 2000) qui s’est beaucoup concentrée jusqu’ici sur 
l’amélioration des outils de planification (c’est à dire les algorithmes de sélection 
de réserve) pour les rendre plus puissants.  
 
I.2 Quels indices utiliser en conservation  
 
Les indices d’ordre q≥1 restent des indicateurs très intéressants puisqu’ils 
capturent d’autres dimensions (régularité et divergence) de la diversité que la 
simple richesse spécifique ou les indices de diversité phylogénétique (Faith, 1992) 
et de diversité fonctionnelle (Petchey & Gaston 2002) d’ordre q égal à 0. En 
particulier il paraît assez intéressant de pouvoir travailler avec des indices de 
divergence qui peuvent renseigner sur la complémentarité ou la redondance des 
espèces qui occupent un même assemblage (Cadotte et al. 2013).  
Il serait fâcheux de croire à la vue des investigations présentées dans le chapitre 1 
que seuls les indices d’ordre q égal à 0 sont utiles et utilisables dans le cadre de la 
sélection de réserves. Dans le cadre de la planification systématique, on ne peut 
effectivement pas utiliser les indices de divergence comme valeur de conservation 
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à l’heure actuelle, cependant d’autres alternatives sont possibles pour prendre en 
compte les différences entre espèces. Dans un chapitre de livre (Annexe 1, 
Arponen & Zupan, accepté), nous proposons un exercice de planification qui 
utilise l’entropie quadratique de Rao comme indice pour quantifier la diversité 
phylogénétique. Dans cet exercice, nous avons utilisé  Zonation (voir Encadré 2 
Introduction) et la distribution des espèces (mammifères) comme base de 
sélection. L’algorithme utilisé sélectionne les sites qui optimisent la représentation 
de toutes les espèces en assurant la complémentarité entre sites. La deuxième 
information prise en compte est une couche de « coût ». Cette technique est 
utilisée à la base lorsqu’on bénéficie du coût que chaque site représenterait s’il 
devait être acheté en vue d’être mis en réserve. Dans notre étude, à la place 
d’introduire des valeurs pécuniaires, nous avons utilisé des valeurs de diversité 
phylogénétique, ainsi pour des pixels ayant la même valeur de conservation, 
Zonation choisit celui qui a la valeur de diversité phylogénétique la plus élevée. 
Dans un contexte plus large que la planification systématique, les indices de 
divergence restent des outils très intéressants pour mettre en avant des 
mécanismes particuliers d’assemblage des communautés et renseigner sur les 
zones qui peuvent être d’intérêt en terme de potentiel évolutif ou de processus 
écologiques. Le chapitre 2 de cette thèse en est un exemple. 
 
  
II. Comparer et analyser différentes facettes de 
biodiversité. 
 
II.1 Le principe de substitution ne tient pas pour la diversité phylogénétique 
 
En écologie et particulièrement en conservation, les analyses sont limitées par la 
disponibilité des données (Prendergast et al., 1993). Même si ces dernières années 
l’acquisition de nouvelles données a considérablement augmentée (Davies et al., 
2008; Cadotte & Davies, 2010), on est encore loin d’avoir découvert toutes les 
espèces vivantes et certains groupes taxonomiques sont bien plus étudiés que 
d’autres (Rodrigues & Brooks, 2007). En conservation on utilise souvent un 
groupe taxonomique bien décrit comme substituant à un autre groupe en faisant 
l’hypothèse qu’il représentera la biodiversité que l’on ne peut pas quantifier 
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(Rodrigues & Brooks, 2007). Ce principe de substitution a été beaucoup abordé 
du point de vue de la richesse en espèces (totale, endémiques, rares, menacées) et 
les résultats varient en fonction de la mesure de richesse utilisée et des groupes 
taxonomiques analysés (exemples : Grenyer et al., 2006; Lamoreux et al., 2006; 
Forest et al., 2007; Xu et al., 2008). Cependant la question de savoir si différentes 
facettes de diversité co-varient spatialement a été peu abordée jusqu’ici (mais voir 
Devictor et al., 2010). Ces résultats ont d’importantes implications en 
conservation puisqu’ils mettent en avant la difficulté d’optimiser la représentation 
de multiples groupes d’espèces et de multiples facettes de façon simultanée dans 
un même réseau de zone protégée. Dans ce contexte, l’analyse des convergences 
et divergences spatiales entre différentes facettes de diversité et différents groupes 
d’espèces (chapitre 2) ainsi que leurs interactions avec d’autres éléments à 
conserver comme les services écosystémiques (chapitre 4) est importante. Elle 
permet en particulier d’identifier deux types de zones : les zones importantes pour 
un seul élément de diversité (zones de divergence) et qui donc représenteraient un 
coût important si elles venaient à être protéger et des zones que l’on pourrait 
qualifier de plus « rentables » parce qu’elles représentent simultanément un 
ensemble d’éléments d’intérêt (zone de convergence).   
 
II.2 Décrire la biodiversité et inférer les processus  
 
Beaucoup d’indices de diversité phylogénétique augmentent de manière monotone 
avec le nombre d’espèces (Faith, 1992; Rodrigues et al., 2011). En effet, en 
présence d’un site caractérisé par une forte valeur phylogénétique, il est difficile 
de savoir si c’est parce qu’effectivement les espèces sont très éloignées les une 
des autres ou si c’est simplement un effet du grand nombre d’espèces. Dans ce 
cadre, l’analyse des patrons de diversité phylogénétique découplés de la richesse 
spécifique, par exemple en analysant les résidus de la relation diversité 
spécifique/diversité phylogénétique, sont particulièrement intéressants (Davies & 
Buckley, 2011; Fritz & Rahbek, 2012). Dans le chapitre 2, j’ai utilisé cette 
approche pour identifier des régions caractérisées par une histoire évolutive 
particulière, à savoir des zones où les espèces sont très nombreuses et très proches 
phylogénétiquement et des zones où les espèces tendent à être évolutivement plus 
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éloignées les unes des autres. Ce travail offre une visualisation intéressante des 
patrons de diversité phylogénétique et surtout de la divergence spatiale entre deux 
facettes de la diversité, de plus il met en avant des zones d’histoire évolutives 
particulières qui pourraient servir de critères de choix en conservation (Davies & 
Buckley, 2011). Cependant les processus évolutifs (diversification, migration) 
invoqués pour expliquer les patrons n’ont pas été à proprement parlé testés et nos 
conclusions quant au potentiel de ces zones à être intéressantes en terme de 
fonctionnement des écosystèmes reste soumis à l’hypothèse d’un signal 
phylogénétique des traits sur la phylogénie (Winter et al., 2013). Pour mieux 
comprendre pourquoi différentes facettes de diversité peuvent diverger 
spatialement, il paraît intéressant d’aller un cran plus loin (Devictor et al., 2010; 
Rolland et al., 2012) et le chapitre 3 propose des pistes de réponses.  
 
 
II. 2. Mieux comprendre les facettes de diversité 
 
Dans le chapitre 3 j’ai utilisé les hypothèses (la relation espèce-énergie, 
l’hétérogénéité environnementale et la stabilité du climat) émises dans le cadre de 
la distribution de la diversité spécifique pour investir les patrons de diversités 
phylogénétique et fonctionnelle. J’ai pu mettre en évidence l’importance des 
variables liées à l’hypothèse de l’énergie pour expliquer la distribution de la 
richesse spécifique des quatre groupes de tétrapodes d’Europe (notamment la 
température et la productivité primaire) ce qui va dans le sens de résultats 
antérieurs (Hawkins et al., 2003a; Hurlbert & Haskell, 2003; Buckley & Jetz, 
2007; Qian & Ricklefs, 2012). Parallèlement, les variables qui expliquent les 
autres facettes de la diversité et leurs influences sont différentes selon la facette et 
le groupe taxonomique considéré. Les variables couramment utilisées pour tester 
ces hypothèses semblent donc aussi être importantes pour expliquer les diversités 
phylogénétique et fonctionnelle, par contre le fait que ces variables puissent 
influencer de manière différentes chacune des facettes (par exemple la 
température qui a un effet négatif sur la diversité fonctionnelle des mammifères 
alors qu’elle n’a pas d’effet sur la richesse) suggèrent que les mécanismes qui 
expliquent ces patrons sont différents. En liant les chapitres 1 et 2, on peut donc 
supposer que les divergences spatiales entre facettes de diversité peuvent en partie 
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être expliquées par des réponses différentes aux gradients environnementaux. Les 
analyses présentées dans ce chapitre offre une vision globale des variations de 
biodiversité en fonction des gradients environnementaux. Une alternative pour 
aller plus loin dans la compréhension de ces patrons serait de tester l’influence de 
ces mêmes variables sur les espèces classées par guildes (carnivores, insectivore, 
granivores) et de regarder si certains environnements favorisent plus un groupe 
qu’un autre (Ruggiero & Kitzberger, 2004) 
 
De manière intéressante, les résidus de l’auto-covariable (la variable « espace ») 
est une des variables qui ressort de manière constante et qui a une importance non 
négligeable pour la plupart des facettes et des groupes taxonomiques. Son 
importance montre que l’environnement ne peut pas à lui seul expliquer la 
distribution de la biodiversité et que d’autres facteurs sont à prendre en compte 
pour avoir une vision globale des facteurs qui peuvent influencer les patrons de 
biodiversité. Il n’est pas possible de savoir exactement quels facteurs sont 
représentés par cette variable mais on peut supposer que la migration, la 
dispersion, la compétition et la prédation aient une influence non négligeable sur 
distribution de la diversité (Dormann et al., 2007). 
 
III. Intégration des services des écosystèmes dans les 
stratégies de conservation  
 
III.1 Stratégies communes de conservation et des services des écosystèmes 
 
Aujourd’hui les services des écosystèmes font partie des priorités dans les 
stratégies de conservation (Maes et al. 2012). Par exemple, la Convention pour la 
Diversité Biologique (CBD) tenue à Nagoya (2010) s’est accordée sur un certain 
nombres d’objectifs de conservation à achever d’ici 2050 (les objectifs d’Aichi) et 
fait de la protection des services et du fonctionnement des écosystèmes pour le 
bien-être humain son cheval de bataille. Dans le chapitre 4, j’ai confronté des 
stratégies de conservation où plus de poids était donné soit à la représentation des 
services des écosystèmes, soit à la représentation des tétrapodes d’Europe en 
portant une attention particulière aux espèces évolutivement et fonctionnellement 
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distinctes. Alors que les corrélations entre les services des écosystèmes et les 
espèces originales étaient en moyenne faibles voire négatives, les résultats des 
exercices de planifications ont montré que certaines régions d’Europe étaient 
classées comme prioritaires à la fois pour les services des écosystèmes et pour 
assurer la représentation des espèces originales. De plus la comparaison des 
différents scénarios a montré que le scenario de conservation ciblant la 
biodiversité représentait en moyenne plus les services des écosystèmes que ne le 
ferait un réseau de réserves sélectionné au hasard. Cependant le scenario de 
biodiversité n’est pas optimal pour représenter tous les services des écosystèmes, 
par exemple alors que les services de pollinisation est très bien représenté, les 
services de production de bois et de régulation de la qualité de l’air ne sont pas 
mieux représenté que par chance. Un des points qui revient souvent dans les 
rapports de la CBD est le manque de ressources allouées pour atteindre les 
objectifs fixés (CBD, 2009). Dans ce contexte, trouver des stratégies de 
conservation qui maximisent la biodiversité tout en minimisant les coûts est 
devenue une priorité (Waldron et al., 2013). Du point de vue des prises de 
décisions en Europe les résultats de cette étude peuvent avoir des implications 
potentielles. En effet, si la maximisation des espèces évolutivement distinct et 
fonctionnellement distinct reflètent effectivement des fonctions importantes des 
écosystèmes alors leur maximisation semble une approche prometteuse 
puisqu’elle permet, en plus de l’optimisation du fonctionnement des écosystèmes, 
d’assurer le maintien de certain services. Cependant, cette étude s’est limitée à un 
ensemble de dix services des écosystèmes dont la majorité sont des services de 
régulation et rien ne nous permets d’affirmer que ces résultats puissent se 
retrouver avec un ensemble d’autres services (par exemple les services de 
provision).  
 
III.2 Gestion de la biodiversité et des services des écosystèmes 
 
Les analyses telles qu’elles ont été conduites font l’hypothèse implicite que l’on 
souhaite maximiser la biodiversité et les services à l’échelle de l’Europe. Dans la 
réalité, même si les prises de décision peuvent se faire à l’échelle européenne, la 
mise en place réelle de zones protégées ou des mesures de gestions se fait à 
l’échelle nationale ou de la région administrative. Aujourd’hui il paraît donc 
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nécessaire de conduire une réflexion sur les échelles auxquelles les plans de 
gestions/conservation sont les plus pertinents. Par exemple il est probable que les 
services ne requièrent pas tous les besoins en gestion.  
 
IV. Conclusion 
 
Placé dans le contexte de l’érosion de la biodiversité et donc le besoin de la 
protéger, mon travail de thèse s’est attaché à mieux décrire et comprendre 
différentes facettes de la diversité et les mesures qui permettent de les quantifier. 
J’ai notamment mis en évidences que les patrons de la diversité n’étaient pas 
toujours congruents spatialement et que cette absence de co-variation pouvait en 
partie être expliquée par des réponses différentes aux gradients 
environnementaux. L’analyse comparée de différentes facettes de diversité et de 
leurs congruences spatiales avec les services des écosystèmes permet de mettre en 
évidence les options de conservation et les conflits auxquels on risque de se 
confronter pour mettre en place des stratégies qui puissent à la fois capturer un 
ensemble de services des écosystèmes tout en préservant la biodiversité.  
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Abstract  
Systematic conservation planning deals with cost-effective allocation of 
conservation funds. There are diverse ways in which evolutionary history could be 
included in prioritization, but here we considered it at the local scale, valuing 
higher the locations where the local community has high phylogenetic diversity, 
while still aiming at maximizing overall species representation. We conducted the 
prioritization with the Zonation software for spatial conservation planning. 
We prioritized areas for conservation in Europe using distribution data and 
phylogenies for 275 mammal species. We prioritized areas in Europe for 
conserving hotspots of evolutionary history. For comparison we made analyses 
with species occurrences alone. Analyses were done for the whole region and for 
each country separately. We explored the impacts of tree uncertainty, and 
analyzed how well existing protected areas performed with respect to Zonation 
priorities.  
Our findings indicate that some hotspots of evolutionary history are missed by 
species-based prioritization, unless specifically accounted for. Uncertainty in 
spatial priorities caused by variation in phylogenetic tree structure was a minor 
concern for prioritization. Protected areas did not perform well when assessed 
against the Zonation priorities for species or for phylogenetic diversity, although 
highest national scale priorities had almost twice as much area protected as the 
overall average.  
We emphasize that the chosen goals and analysis setups have strong impacts on 
spatial priorities and therefore care must be taken in defining them appropriately. 
But regardless of setups, the gap between the current conservation efforts and 
spatial prioritization outcomes is typically greater than the difference between 
including and excluding phylogenetic diversity. Therefore the focus should be on 
increasing the role of spatial analyses in practical conservation, but whenever 
feasible, also including evolutionary history in the analyses, because evolutionary 
history is not always well represented by targeting species for conservation. 
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1. Introduction 
 
Systematic conservation planning Protected areas around the world have 
typically been established in areas of low competing interests, which is not ideal 
from the perspective of biodiversity conservation (Pressey et al., 1993). Such 
biased allocation may even lead to existing protected areas performing worse than 
randomly chosen areas in representing diversity (Ferrier, 2002). The realization 
that conservation would benefit 
from cost-effective practices led 
to the development of the field of 
Systematic conservation 
planning (Margules & Pressey, 
2000; Margules & Sarkar, 2007). 
More than 20 years of 
development have led to the 
integration of numerous aspects 
to the approach adding to its 
realism. In particular, the spatial 
prioritization for assessing the 
existing conservation areas and 
selecting new ones have become comprehensive and efficient, and nowadays they 
also provide more user-friendly graphical user interfaces, which has facilitated 
their broad use for practical conservation planning purposes (Ball et al., 2009; 
Moilanen et al., 2009).  
Evolutionary history in conservation Phylogenetic diversity or species 
originality are often mentioned as important for conservation (Rosauer & Mooers, 
2013; Winter et al., 2013), and the history of such discussion goes back already a 
few decades (Vane-Wright et al., 1991; Faith, 1992). Evolutionary history is often 
quantified in community ecology for the purpose of understanding the diversity of 
current species distributions (Davies & Buckley, 2011; Fritz & Rahbek, 2012) or 
the potential functioning of ecosystems (Cadotte et al., 2012), whereas 
applications to conservation have remained limited.   
Numerous indices have been developed to measure the originality of species 
(Vane-Wright et al., 1991; Pavoine et al., 2005a; Isaac et al., 2007), or 
Box 1. The process of systematic 
conservation planning as described by 
Margules and Pressey (2000). 
1. Compile data on the biodiversity of 
the planning region 
2. Identify conservation goals for the 
planning region 
3. Review existing conservation areas 
4. Select additional conservation 
areas 
5. Implement conservation actions 
6. Maintain the required values of 
conservation areas 
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phylogenetic diversity (Schweiger et al., 2008; Pavoine & Bonsall, 2010). The 
former measures assign a value for each species based on their dissimilarity from 
other species, whereas the latter look at an assemblage of species as a whole.  
Both types can be used in spatial conservation prioritization (Arponen, 2012). 
Originality can be used for weighting species differently, whereas diversity 
indices can be used at different scales: either for measuring the diversity of all 
species across a network of protected areas, or for preferentially selecting areas 
with high local, alpha-level diversity of the community. Their use has been rare in 
published studies of spatial conservation prioritization. Arponen et al. (Arponen et 
al., 2005) used species weights based on species originality in conservation 
prioritization for plants in Finnish herb-rich forests. There are also some examples 
of considering assemblage-level phylogenetic diversity across a network of sites: 
The “Phylogenetic Diversity” of Faith (Faith, 1992) has been used for 
conservation prioritization with birds (Rodrigues & Gaston, 2002b) and plants 
(Forest et al., 2007) in South Africa, as well as in a global analysis for mammals 
(Rodrigues et al., 2011). Instead of spatial prioritization of areas for protection, 
evolutionary history has been considered much more commonly in other kinds of 
conservation contexts (Arponen, 2012), such as creating priority lists of species 
for conservation. For example, Isaac et al. (Isaac et al., 2007) introduced the 
“Evolutionary distinctiveness” measure for species and used it in combination 
with extinction risk data to assign priorities for species in the EDGE program (see 
also chapter XXX).   
To our knowledge, phylogenetic diversity has not been used at the scale of local 
communities in spatial conservation prioritization. The use of alpha-level 
phylogenetic diversity is based on the assumption that it would correlate with 
ecological processes better than species richness of the community (Forest et al., 
2007), and therefore work as an indicator for functional diversity when species 
traits data are missing. This is based on the idea that phylogenetically distinct 
species are likely to be functionally different (Cadotte et al., 2008), although this 
assumption has also been challenged (Mouquet et al., 2012). For this purpose, 
phylogenetic diversity indices that account for species abundances (Chao et al., 
2010) might be more suitable than the ones that consider only presences and 
absences of species (Faith, 1992): from the perspective of ecosystem function, 
viable populations and sparse individuals of a species should not be considered 
equally important. 
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Case study on European mammals Mammals are a fairly well known group of 
species regarding their ecology, distributions as well as phylogeny. Nevertheless, 
their phylogenies are not fully resolved, but contain polytomies. Resolving the 
polytomies randomly results in variation among different trees, but having good 
spatial distribution data provides a good opportunity for investigating the 
influence of such uncertainty on spatial conservation prioritization. Mammals are 
also considered to be of high conservation interest due to their public appeal 
(Chao et al., 2010). They were the first focal taxon of the EDGE programme 
(Isaac et al., 2007), which was a pioneering endeavor to bring highly threatened 
and evolutionarily unique species to the limelight and to improve their 
conservation.  
We conducted spatial prioritizations for European mammal conservation with the 
Zonation conservation planning software. We compared traditional, species based 
prioritization to one where alpha-level phylogenetic diversity was allowed to 
influence site value through using the inverse of phylogenetic diversity as cost in 
the analyses. Because a continental scale analysis may not be politically feasible, 
we repeated both analyses at national scales, where Zonation performs identical 
prioritization but for each country separately. For mammals there is still some 
uncertainty related to the structure of the phylogeny. We acquired 100 different 
trees and ran Zonation analyses for each of them, comparing the similarities of 
outcomes to each other. We analyzed the trade-offs between species 
representation and phylogenetic diversity in the solutions. Finally, we analyzed 
the performance of the current protected area network in representing hotspots of 
evolutionary history for mammals, as well as in representing species, both at the 
European and at national scales. 
 
2. Material and Methods 
European mammal distributions We used data on the spatial distribution of 
european terrestrial mammals described in Maiorano et al. (Maiorano et al., 
2013). The primary data were extents of occurrence (EOOs) of the species 
occurring in Europe and Turkey obtained from the Global Mammal Assessment 
(http://www.iucnredlist.org/ initiatives/mammals; accessed 15 August 2013 
(IUCN, 2012). To refine EOOs and remove potential false presences, habitat 
requirements were used in an expert-based modelling approach. More 
specifically, for each species, habitat requirement was defined by experts (G. 
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Amori, D. Russo and L. Boitani) and published literature (see Maiorano et al. 
2013 for the full list of references) based on three environmental variables: land 
cover, elevation and distance to water. For each species, data collected were used 
to assign a suitability score (0, unsuitable; 1, secondary habitat and 2, primary 
habitat) to each of the 46 GlobCover land-use/land-cover classes. Elevation and 
distance to water were then combined to the habitat suitability score to refine the 
available EOOs and obtain current distribution with a cell size of 300m resolution. 
The models were validated with help of field data (see Maiorano et al. 2013 for 
more details). From these 288 species we used 275 for which phylogenies were 
available.  
As running the phylogenetic analyses and Zonation prioritization at 300m 
resolution would have been too demanding for the equipment available at the 
time, we scaled up the species distributions following a regular grid of 10’. As a 
value for each 10’ cell, we kept the percentage of 300m cells considered as either 
1 (primary habitat) or 2 (secondary habitat), and we refer to this value as “the 
proportion of suitable area” hereafter. For aesthetic reasons, all the maps 
presented hereafter have been projected using the Lambert conformal conic 
projection (UTM zone 34). 
Mammal phylogenies Phylogenetic data for mammals were based on the super-
tree of Bininda-Emonds et al. (Bininda-Emonds et al., 2007) updated by Fritz et 
al. (Fritz et al., 2009). We used 100 fully resolved phylogenetic trees, where 
polytomies were randomly resolved applying a birth-death model to simulate 
branch lengths (Kuhn et al., 2011). 
Protected areas We used the WDPA dataset on protected areas (UNEP, 2010) 
categories I-IV (I: Strict nature reserve or wilderness area, II: National park, III: 
Natural monument or feature and IV: Habitat/Species management area) 
excluding the categories that are generally considered less beneficial for 
biodiversity conservation (categories V and VI), and areas where the category was 
either ‘not reported’ or ‘not applicable’. We used the proportions of area protected 
in each cell for our analyses of overlap of Zonation priorities with protected areas. 
WDPA data are polygons. As Zonation operates with raster data, we transformed 
the polygons into a raster, following the same grid as the species distribution data 
(10’ cells regular grid). To do so, we overlapped the polygons on the grid and 
retained the proportion of area protected in each grid cell. 
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Measuring phylogenetic diversity To measure the phylogenetic diversity at each 
cell, we used the Rao’s quadratic entropy (Rao, 1982b), an index of alpha-
diversity, which is extended to account for the pair-wise dissimilarities of species:  
 
 
dij is derived from the ultrametric phylogenetic tree (Pavoine et al., 2005b) and 
corresponds to the phylogenetic dissimilarity between each pair of species i and j. 
pi and pj are the respective proportion of suitable habitat for the species i and j 
available in the 10’ pixel c. It is now recognized in the literature that the values of 
most of diversity measures (like the Rao’s quadratic entropy) do not behave 
intuitively (Jost, 2007; Chao et al., 2010; de Bello et al., 2010; Leinster & 
Cobbold, 2012b) because they do not satisfy the “replication principle” (Chao et 
al. 2010). The replication principle (or “doubling property”) states that if we pool 
two equally diverse and equally large groups with no shared species, the total 
diversity should be two times the diversity of a single group (Chao et al. 2010). 
To make the Rao’s quadratic entropy behave this way, we need to transform it 
into an equivalent number through a simple algebra step (1/(1-QE), Jost, 2007). 
The outcome is a raster layer with the value of QE (in equivalent number) for 
each of the 10’ pixels with the same spatial extent and resolution as the mammal 
distribution data.  
 
The Zonation approach Zonation is a spatial prioritization software meant to be 
used as a decision support tool (Moilanen et al., 2009). While other approaches 
typically select a fraction of the landscape according to a pre-determined target, 
e.g. 10% of species distributions, or maximize what is achieved with a pre-
determined budget, Zonation instead ranks all cells in the entire landscape in the 
order of conservation value. A Zonation solution can be used to identify any best 
(or worst) fraction of the landscape.  
The ranking is based on the evaluation of range size normalized richness of 
biodiversity features in each cell (Moilanen et al., 2005, 2011). In plain words, 
this means that features (e.g. species) with broad distributions contribute very 
little to the conservation value of a single cell, whereas narrowly distributed 
species substantially increase the conservation value of the cells they occupy. At 
every iteration (removal of one cell) Zonation recalculates the conservation value 
QE = dij pic p jc
j=1
S
∑
i=1
S
∑
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for the remaining cells based on the remaining feature distributions, which 
become smaller with each iteration. Thus, Zonation removes first cells with few, 
broadly distributed features, and during the ranking these features become rarer 
and rarer in the remaining landscape. As an outcome, the remaining highest 
priority fraction of the landscape will contain the cells with high species richness 
and narrow endemics.  
Zonation provides two options as cell-removal rules that determine how the 
marginal value of a cell is calculated (Moilanen et al., 2005; Moilanen, 2007). The 
additive benefit function approach allows for more flexible trade-offs to occur 
between features, because it considers cell value as the sum over benefit functions 
of representation of the features in the cell. This means that narrowly distributed 
species in species poor (or expensive) cells may be traded off against species rich 
cells. We chose to use the Core-area cell removal rule, which defines the cell 
value based on the most valuable occurrence over all species in the cell. This 
means that if a cell contains a large fraction of the range even for only one 
species, it will get high value, regardless of the species richness in the cell. This 
way the core areas of all species’ ranges are retained in the highest priority 
fraction of the landscape. As species distribution data, we used the raster layers of 
proportion of suitable habitat per cell for each species, as described above in the 
section “European mammal distributions”. 
Even though Zonation does not consider phylogenetic data by default, it offers 
also options for accounting for evolutionary history in the prioritization. For 
example, species could be weighted based on their evolutionary distinctiveness 
either globally, or with different region-specific weights (Moilanen & Arponen, 
2011). Alternatively, locations can be weighted based on the phylogenetic 
diversity of the local community. In this case study we focus on the latter 
approach. Technically this happens through defining a “cost layer” as inversely 
proportional to the diversity. This way a cell with 1/5 of the phylogenetic diversity 
of another cell is considered five times as costly to protect, lowering its position in 
the Zonation ranking. The cost layer can be scaled differently according to how 
much importance is given to phylogenetic diversity.  The Rao’s quadratic entropy 
values went from ca. 1 to 7, and the direct inverse was used in our “medium 
weighting” (that is, cost goes from 0.14 to 1), and this scale was halved (“low 
weights”, 0.28 to 1) and doubled (“high weights”, 0.07 to 1) to test for sensitivity 
to this parameter (see Figure 1 for analysis setups).  
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The latitudinal gradients in species richness and range sizes cause the spatial 
priorities in analyses at any scale to be concentrated in the more species rich lower 
latitude areas (Eklund et al., 2011; Moilanen et al., 2013). Even though cost-
effective from the perspective of species conservation, focusing conservation 
efforts into these regions only would be very difficult for many reasons (see 
Discussion). Therefore we also performed an analysis where countries were 
considered as independent administrative units, each aiming to conserve the 
diversity within their borders. This is implemented through the Administrative 
units analysis in Zonation (Moilanen & Arponen, 2011). The analysis would 
allow for a compromise solution between purely European-scale and purely 
national-scale analyses, but for our analytical purposes, we chose the extreme 
cases only. A national-scale prioritization provides an interesting reference for 
comparison to protected areas. We did this for one tree only. Thus, we ended up 
with four main Zonation solutions to assess protected area performance regarding 
the representation of species and phylogenetic diversity at both European and 
national scales (Figure 1).  
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Case study 
setup 
 
Figure 1. 
Diagram 
representing the 
flow of our 
analyses. The left 
part of the figure 
illustrates the 
analyses we ran 
at the European 
scale while at the 
right of the 
dashed line are 
the analyses 
conducted at the 
national level. In 
all analyses, the 
data input for the 
species were the 
proportion of 
suitable habitat 
(1 raster layer 
per species). We 
first (a) tested 
three different 
weightings for 
the phylogenetic 
diversity (low, 
medium and high 
weighting, see 
main text) to 
assess whether 
this was 
influencing the prioritization results. In a second step (b) we ran Zonation 100 
times using cost layers corresponding to the 100 different phylogenetic trees. We 
followed this procedure to evaluate the influence of the tree structure variation on 
the prioritization results. The remaining analyses were dedicated for the 
evaluation of the current protected areas network. We used only one cost-layer 
(corresponding to the phylogenetic diversity extracted from tree 1 and a medium 
weighting) to evaluate the protected area network at the (c) European scale and 
(f) the national scale. Finally we run Zonation without any phylogenetic diversity 
data to assess the representation of species within the protected areas network at 
(d) European scale and (f) national scale. Abbreviations:  med = medium, phyl. 
div = phylogenetic diversity.  
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3. Results 
Spatial priorities in the European analyses were strongly concentrated around the 
southern parts as well as eastern border of the study region (Figure 2, a, b). Spatial 
priorities between the basic Core-area prioritization and the variants where 
phylogenetic diversity was included are extremely similar in some regions, but 
contain some rather dramatic differences in specific, especially northern parts of 
Europe (Figure 2 a, b). Spearman rank correlations between the rank values in the 
basic Core-area solution and the three weighting variants of phylogenetic diversity 
were 0.93, 0.91 and 0.89, for the low, medium and high weight scales, 
respectively.  
We repeated the basic and phylogenetic diversity weighted analyses at the 
national scale, where Zonation performed the prioritization separately for each 
country (Figure 2 c, d). Here the priorities were forced to be evenly distributed 
among the countries, such that e.g. the best 10% of the landscape consisted of the 
best 10% in each country. Such priorities are much more scattered across Europe, 
and concentrated around country borders.  
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Figure 2. Zonation priority maps for mammals in Europe. The red tones represent 
the best 10% of the solution and blue tones indicate the lowest 50% of cells. (A) is 
the basic, core-area Zonation solution for our data where conservation value in 
Zonation optimization is only based on species richness normalised by range size. 
(B) is the Zonation solution where the conservation value of a cell is weighted 
with the medium phylogenetic diversity, i.e. the inverse of the Rao’s quadratic 
entropy for the local community in each cell is used as cell costs. (C) shows the 
national level basic Zonation priorities and (D) is the national analysis with 
phylogenetic diversity included.  
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The three phylogenetic weightings give very similar results. The pair-wise 
Spearman rank correlations between these differently weighted Zonation analyses 
were very high (low-medium: 0.9965, low-high: 0.9916, and medium-high: 
0.9987). Therefore, in the following analyses we used the medium weighting 
only, which corresponds to using the inverse of phylogenetic diversity as cell cost 
(see Figure 1).  
 
Similarly, pair-wise Spearman rank correlations for Zonation solutions done with 
the different 100 phylogenetic trees were also very high. The mean pair-wise 
correlation was 0.99985 and even the lowest pair-wise correlation was 0.99934. 
There were only a few regions across the study area where the rankings were not 
consistent (Figure 3).  
 
Figure 3. The range of variation in rank values among the 100 Zonation solutions 
done with different phylogenetic trees. Large majority of areas have very 
consistent rank values, with variation lower than 1% (i.e. always placed within 
the same 1% fraction in the Zonation ranking; black in the map). In some regions 
the variation is broader, but still keeping within the same 10% fraction in 
Zonation (medium blue). Only very small regions have variation from 10% to 
20% (light blue), and only some sparse cells go through more dramatic changes 
in priority when different tree structures are considered, with variation up to 47% 
(pink cells). 
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We also tested whether the uncertainty of tree structure was related to the position 
in Zonation rank, that is, whether there may have been more or less uncertainty 
associated with top ranking cells. Pair-wise Spearman rank correlations of 
uncertainty with each of the main Zonation variants gave weak, positive 
correlations of 0.10 for the basic solution, 0.12 for the phylogenetic diversity 
analysis, 0.08 for the basic national scale analysis, and 0.07 for the national scale 
phylogenetic diversity analysis. As the tree uncertainty seemed to play a very 
minor role in the prioritization outcome, in the following analyses we used one 
tree only (see Figure 1). 
To assess how well the Zonation priorities covered the different species’ ranges, 
we plotted the proportions of species ranges retained in the landscape at different 
fractions of cell removal (Figure 4). The median of representation is higher for the 
analysis with phylogenetic diversity than for the one without (Figure 4, black 
squares). This may seem surprising, but is explained by the fact that Rao’s QE 
correlates with species richness. Looking into the corresponding values for 
individual species (illustrated by the density distributions drawn around the 
medians in Figure 4) reveals a very subtle trade-off: The basic core-area Zonation 
retains species representations more evenly, as it should by definition, whereas the 
phylogenetic diversity solution loses larger fractions of some species’ ranges 
earlier on in the cell removal process (longer downward tails in the density 
distributions at lowest 50% fractions). In other words, with the phylogenetic 
diversity weighting the protection of some species is traded off against protection 
of locations with higher phylogenetic diversity. But as this tradeoff is minor and 
most visible at poorest fractions of the landscape, it is unlikely to be of concern 
for practical conservation.  
A major difference can be seen between the analyses at different spatial scales. 
When going from European to national priorities, the median representation 
values drop substantially, by even ca. 40% (Figure 4). Same pattern arises at the 
national scale from inclusion of phylogenetic diversity: again some species lose 
more of their ranges for the benefit of others that occur in locations with high 
phylogenetic diversity. 
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Figure 4. Proportions of species distributions retained (y-axis) in different top 
fractions of the landscape (x-axis). The black squares represent the median value 
across all species, which are surrounded by vertically plotted density distributions 
of all species’ values around the median. For example, in the basic Zonation 
solution, the top 20% of the landscape covers more than 55% of the ranges for 
half of the species, but there are also (broadly distributed) species with only ca. 
10% of their ranges covered. A random selection at the continental scale would 
result in a 1:1 diagonal line for the medians (solid line). 
 
To look at evolutionary history maintained by the Zonation solutions, we plotted 
the mean phylogenetic diversity (Rao’s QE) for the cells at different top fractions 
of the rankings (Figure 5). We observed as an overall general trend that the mean 
QE is increasing as cells are removed from the landscape (from 100% to 1% in 
the x-axis) for any selection procedure (with or without including phylogenetic 
diversity as selection criteria). This is caused by the positive correlation between 
QE and species richness. By default, Zonation values high species richness cells 
which will tend to be prioritized, and those cells are also more likely to have high 
QE values than species poor cells. The very highest priorities (top 1% in Figure 5) 
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again diverge from this trend for the solutions that do not consider QE explicitly, 
because here Zonation tries to maintain a representation for as many species as 
possible, and thus the complementarity of species compositions overrider the 
importance of richness, and correlation with the QE weighted solutions disappear.  
The mean QE retained by each fraction of the landscape is higher when 
phylogenetic diversity is accounted for (black-filled symbols are higher than 
empty symbols). This means that including phylogenetic diversity as a 
prioritization criterion improves the outcome of the Zonation solution from the 
perspective of evolutionary history. Our results also highlight that the scale at 
which the prioritization is conducted (European vs. National) does not appear to 
have a consistent impact on the mean QE retained in each fraction of the 
landscape (same colored symbols are close to each other for a given fraction). In 
other words, the choice whether to conduct a prioritization at the country level or 
at the continent level does not influence how much phylogenetic diversity is 
retained.  
 
Figure 5. Mean phylogenetic diversity (Rao’s quadratic entropy) across cells at 
different top fractions of the landscape according to Zonation. The valueas have 
been standardized from an original mean QE of 5.06 across all cells. The 
different prioritizations converge at top fraction equal to 1, as that represents the 
mean value across all cells in the landscape. If cells were removed in random 
order, the points would form a flat line at this level.  
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We overlaid the Zonation rankings with maps of existing protected areas to see 
how well the priorities and protected areas coincide. The protected areas we 
considered in our analyses (WDPA categories I-IV) cover a total of 7.8% of the 
land area in the study region. We compared them to the same amount of land area 
prioritized by the Zonation variants (Figure 6), i.e., 7.8% top fraction of the 
Zonation solutions. A large majority of currently protected land is not considered 
of high priority by any of the Zonation variants (light blue areas), and conversely, 
much of the Zonation priorities are unprotected (yellow-orange tones). The best 
matching areas are shown in red, and are sparsely located across the study region 
without any clear spatial trends. 
 
We plotted the mean proportions of cell area protected among the cells in 
different top fractions of Zonation solutions for each of the four main solutions 
(Figure 7). For both of the European scale analyses the proportion protected did 
not seem to depend at all whether the cells were considered of high or low 
priority. Actually their pattern of distribution appeared near random. Instead, for 
the national scale analyses there was a consistent pattern of increasing protection 
with increasing rank in Zonation, for both the basic and phylogenetic diversity 
variants of Zonation. Topmost 1% fractions had almost twice as much area under 
protection as compared with the mean across the whole study region.  
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Figure 6. Overlap of the area identified as priority for conservation with Zonation 
(7.8% of the land area in the study region) with currently protected areas (WDPA 
dategories I-IV). The two different color scales indicate the proportion of each 
cell under protection: Light blue cells have more than half of their area protected, 
black cells have less than 1%. The tones from yellow to dark red indicate the same 
thing, but for the cells belonging to the Zonation 7.8% top fractions.(A) is the 
basic, core-area Zonation solution for our data where conservation value in 
Zonation optimization is only based on species richness normalised by range size. 
(B) is the Zonation solution where the conservation value of a cell is weighted 
with the medium phylogenetic diversity, i.e. the inverse of the Rao’s quadratic 
entropy for the local community in each cell is used as cell costs. (C) shows the 
national level basic Zonation priorities and (D) is the national analysis with 
phylogenetic diversity included.  
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Figure 7. The mean proportion of area protected in the different top fractions of 
the Zonation rankings. For example, out of the best 1% of the cells according to 
the continental scale phylogenetic diversity variant approximately 7% of area is 
under protection, whereas in both of the National Zonation variants more than 
twice as much of the top priority area is under protection. The 100% bar indicates 
the overall mean of area protected across the whole study region, corresponding 
to 7.8% of land area. 
 
4. Discussion and Conclusions 
 
We prioritized areas for conservation of hotspots of mammalian evolutionary 
history with a spatial prioritization tool. Majority of high priority areas for species 
conservation are also of high priority for the conservation of evolutionary history, 
but there are some regions where substantial differences occur between the two 
different goals. This implies that targeting species alone does not necessarily 
succeed in protection of hotspots of evolutionary history. Past research has found 
ANNEXE 1 
 214
mixed evidence of such surrogacy relationships between protecting species and 
phylogenetic diversity (Polasky et al., 2001; Rodrigues & Gaston, 2002b; Sechrest 
et al., 2002; Forest et al., 2007; Spathelf & Waite, 2007; Rodrigues et al., 2011). 
Our findings show that it makes a difference in what regions such comparisons 
are made: we found little difference between priorities around the Mediterranean, 
but much more e.g. in Scandinavia.  
Mammals are a group of species with broad distributions even at the European 
scale. Such patterns cause the priorities to be strongly concentrated around 
southern parts of the study area, where the diversity gradients peak. Whenever 
such a region is subdivided into smaller administrative units, species ranges will 
typically extend over multiple units. And whenever distributional ranges cross 
boundaries, selecting areas complementary to each other within a subunit of a 
larger area is likely to lead to selecting areas as far as possible from each other: 
the Northern border will host mostly different species from those along the 
southern border. This so-called edge artefact (Moilanen et al., 2013) is important 
to consider when discussing the relevance of spatial scales in priority setting.  
 
A European scale prioritization is much more cost-efficient in covering species 
ranges, as compared with the national scale analyses that barely surpass a random 
selection (Figure 4). National level prioritization is bound to be less cost-effective 
(Erasmus et al., 1999; Bladt et al., 2009; Kark et al., 2009) if all species, including 
the broadly distributed ones, must be conserved separately in each country. 
However, it would not be politically feasible to focus all conservation efforts to 
the European-scale hotspots either, because these cover disproportionate fractions 
of some countries, while leaving others virtually unprotected. Therefore, in reality 
a balanced compromise solution between the two extremes would be desirable, 
but such options are explored elsewhere (Moilanen & Arponen, 2011; Moilanen et 
al., 2013).   
 
Our results suggest that the amount of uncertainty related to the mammal 
phylogenies is not significant from the perspective of spatial prioritization of 
evolutionary hotspots. The differences between trees are minor and appear to 
occur in parts of the phylogeny with species that mainly occur in species rich 
communities, and thus the patterns of species distributions drive the prioritization 
and mask the impact of phylogenetic uncertainty. This is not to say that 
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phylogenetic uncertainty in general would not matter in conservation 
prioritization. It may well be that for less well known taxa with higher 
uncertainty, or taxa with different phylogenetic structure and different kinds of 
patterns of spatial distributions of the species would show much higher variation 
in prioritization outcomes. The result could also be different for another 
conservation goal, e.g., if aiming at maximizing phylogenetic diversity across the 
study region (Rodrigues & Gaston, 2002b; Rodrigues et al., 2011) rather than 
considering it at the level of local community as we do here.  
 
When including additional constraints to prioritization, such as a weighting based 
on phylogenetic diversity, some other aspect may have to be compromised and 
trade-offs sought, as priorities for different goals rarely perfectly coincide. In the 
case of the European mammals and alpha-level phylogenetic diversity, we found 
that the trade-offs were very reasonable, and indeed, negligible as compared with 
the losses incurred by restricting the prioritization to the national scale.  
 
As expected, the mean phylogenetic diversity in cells prioritized by Zonation 
variants where phylogenetic diversity was included as a cost layer were higher 
than in those variants that did not include it. In relative terms the differences were 
not enormous (see Figure 5), but one must consider that (1) Zonation can only 
work with the values that occur in the landscape, and in this case it had to select 
from a set of cells where the overall mean QE was slightly larger than 5 and 
maximum was 7, and (2) the Core-area Zonation needs to retain core cells for all 
species, and cannot entirely give up on an “expensive” species – that is, a species 
occurring only in cells with very low phylogenetic diversity. Thus, the flexibility 
of the solutions strongly depends on the spatial patterns of species distributions 
and how they relate to the phylogenetic tree structure. For example, if species’ 
range sizes are relatively small and overlap little, Zonation needs to retain a large 
number of cells to cover core distributions for all of them, and thus there is little 
flexibility in the solution even when variation in cell costs (or phylogenetic 
diversity) is high. If rare endemics happen to occur in cells with the highest 
phylogenetic diversity and all other species have very broad distributions, then 
that leaves quite a lot of flexibility for ranking the rest of the landscape.  
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We found the current network of protected areas to perform rather poorly with 
respect to representation of areas perceived as high priorities by the European 
scale Zonation solutions. The proportions of different fractions from Zonation 
solutions were covered by protected areas roughly equally, close to the overall 
mean percentage of protected area in the study region. In other words, current 
protected areas appear equivalent to a random allocation of sites when compared 
with the European scale Zonation priorities. However, as discussed earlier, 
prioritization at the European scale may not be a reasonable comparison, as 
conservation planning in the real world mainly happens at more local scales. The 
comparison to the national scale prioritization was more positive, with highest 
Zonation priorities almost twice as likely to be protected as the mean across the 
region. Even though less than 15% protection of the highest priorities is perhaps 
not an outcome to celebrate, it does indicate that at least according to some 
criteria, protected area allocation in Europe has not been fully opportunistic, and 
is not worse than random, as could be the case when the sites are biased towards 
areas of low economic interest (Ferrier, 2002).  
 
However, it is also important to remember, that even the best solution at national 
scale was only mildly better than a random selection (Figure 4), making it another 
unreasonable baseline to compare against. It may well be, that the higher 
coincidence of protected areas with Zonation priorities is simply a consequence of 
countries preferably locating protected areas near borders, which coincides with 
spatial priorities due to the edge artefact mentioned above, rather than being a sign 
of cost-effective protected area planning. Such a pattern was found in the 
Americas in a previous study (Moilanen et al., 2013). Analyses at higher data 
resolutions that include other taxa and different aspects of diversity are required to 
make more realistic and useful assessments of protected areas, but our first 
attempt does provide some interesting insight into these questions. 
 
Conservation of evolutionary history is generally acknowledged to be important, 
although the debate on the alternative justifications for it is still ongoing (Rosauer 
& Mooers, 2013; Winter et al., 2013). The underlying reason for its conservation 
will influence the practical goals and conservation priorities. Our analysis 
identifies priority regions for conserving high alpha-level phylogenetic diversity 
for mammals. Such an approach is typically justified on the basis of representing 
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higher functional diversity (see Introduction), but due to the correlation of QE 
with species richness it may also be closer to a species-based solution than some 
alternative ways of considering evolutionary history in conservation prioritization. 
Therefore, our results should not be taken as proof of an existing surrogacy 
relationship of species and phylogenetic diversity-based prioritizations, especially 
as also with our approach there were some regions with clear differences to 
species-based prioritization. An important notion regarding Zonation, or any 
prioritization tool, is that it does not inherently “know” what is desirable in 
conservation. It can only answer the questions it is posed, and it is up to the user 
that the questions make sense (Moilanen, 2008). For example, merely adjusting 
the strength of the weighting (cost layer) in the current anaysis will shift priorities 
to some extent. Similar prioritizations for different taxa are also quite likely to 
produce different outcomes. Conservation is always driven by value judgments 
(Vane-Wright & Coppock, 2009), and there is even a risk of purposefully setting 
goals in a manner that produces desired spatial outcomes.  
 
Since there necessarily are multiple potentially relevant objectives, a conservative, 
precautionary strategy would be to assess several of them and focus on areas 
where most priorities are in concordance, and consider as unimportant only the 
areas where no high priorities occur. However, in practice different types of 
conservation actions could be necessary to address the different objectives, and 
therefore the conflicts may be more apparent than real. For instance, regions with 
particularly low phylogenetic diversity may also be of conservation concern as 
they can represent areas of active diversification (Forest et al., 2007), but they 
might require different type of conservation from “museum” areas with relict 
species, as these areas and species in them might be threatened by very different 
processes.  
 
Another open and closely related question is at what spatial scales should we 
operate when measuring and prioritizing evolutionary history? In our case the 
assumption was that phylogenetic diversity of the local community was the 
relevant unit, but especially when assessing the diversity across the study region, 
the delineation of the study region will have an impact on priorities as described 
above, but also through “pruning” of the phylogenetic tree: A specific region will 
cover parts of a full phylogeny, and regional scale prioritization with such a 
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partial tree may prioritize areas different from a global prioritization with a full 
tree. 
 
Considering the amount of literature on conservation of evolutionary history in 
general, it is surprising how rarely it is considered in systematic conservation 
planning applications. Phylogenetic data are increasing and the modern 
computational prioritization tools are better able to account for such data even at 
broad scales and for large numbers of species. These developments facilitate the 
inclusion of phylogenetic diversity into conservation planning. We hope that it 
will become a routine part of spatial conservation prioritization procedures, and 
that the message will also better reach the broader public through active 
communication.     
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B
oth climate and land cover change are the major causes of
the current unprecedented rates of global biodiversity loss
that may, ultimately, deteriorate the structure of biota1,
ecosystem stability2 and ecosystem service provisioning3. Indeed,
the current and future response of species to climate and land use
changes can substantially have an impact on species assemblages
and, therefore, alter phylogenetic and functional structures4.
When evaluating how changes in land cover and regional climate
might impinge on biodiversity, focus on facets of biological
diversity that go beyond the commonly studied species richness
or turnover is crucial4. Phylogenetic diversity (PD) in species
assemblages is, for instance, important for explaining the role of
species interactions and biogeographic histories in structuring
communities5. Further, functional diversity (FD), reflecting the
diversity of morphological, physiological and ecological traits
within biological assemblages6 better depicts ecosystem functions
and associated services than simple patterns of species richness
and turnover7. Beyond aesthetic, patrimonial and philosophical
arguments, the maintenance of FD is a powerful argument to halt
the so-called sixth extinction3. Loss of functions provided by
particular species, if these are forced to relocate or to become
locally extinct due to changes in land cover or climate, likely
jeopardizes important regional ecosystem processes8. This
underscores the importance of quantifying how functional
uniqueness and diversity of species assemblages relates to the
projected sensitivity of species to environmental changes.
Not all species are equally influenced by changes in climate or
land cover. Generalist species are often perceived as being less
sensitive to such changes than specialists that have traits adapted
to a narrower range of conditions9. Indeed, a recent modelling
study on Alpine plants indicates lower extinction risk for
generalists compared with rare and threatened plant species10.
Increase in forests, agriculture and urban areas at the expense of
semi-natural grasslands, together with change in precipitation
regimes and temperature increase, may influence the structure of
avian assemblages11 and their associated FD. Bird assemblages
are interesting to study as they heavily depend on both vegetation
structure and climate, and have been shown to have important
ecological role on ecosystem functioning and associated
services12. Through their mutualisms with plants, birds act as
genetic linkers by pollinating flowers and transporting seeds,
thereby helping to maintain plant diversity by supporting gene
flow12,13. Scavengers on carcasses help to limit disease spread
while predators on vertebrates and insects play important roles in
the regulation of prey density12–14. As another example, cavity-
drillers and nest-burrowers are recognized as ecosystem engineers
that provide shelter to additional species13,15,16. Beside these
direct functions, birds also provide important cultural services for
nature enthusiasts and contribute to global nutrient dynamics13.
Climate- or land cover-induced modifications in bird assemblages
could have cascading negative effects in trophic chains, and
strongly reduce the provision of some functions. For instance, a
decline in top predators could benefit prey species, with radiating
effects on all lower trophic levels17,18. Therefore, biological
simplification of agricultural lands or forests through land use
intensification may decrease the provisioning of pest control
and other ecosystem services by birds if their taxonomic and FD
decline15,19.
Moreover, if global changes lead to more homogenous
landscapes, then this naturally translates into more similar
animal assemblages20. Functionally diverse assemblages likely
show greater complementarity in resource use and thus provide
enhanced ecosystem functioning21. Alternatively, assemblages
with numerous similar species have a greater chance to provide
more functional insurance against environmental changes (for
example, pesticides or diseases) than functionally diverse
assemblages because redundancy buffers against loss of
functions otherwise provided by single species22. Although
these specific threats are difficult to account for or predict, it is
nevertheless crucial to project the potential detrimental or
beneficial effects on FD by projected climate and land cover
change at large spatial scales23.
Here we report impact analyses of changes in land cover and
regional climate on the distribution of 402 European breeding bird
species and the resulting effects on the FD of bird assemblages. FD
is represented here by behavioural traits during feeding to reflect
how species acquire resources from their environment (feeding
behaviour, feeding location and activity), and by body mass and
diet traits to reflect the resource use requirements of species. We
consider these as effect traits that determine the impact of a given
organism on community structure and ecosystem functioning24,25,
although the distinction between effect and response traits (traits
that stand for the response of organisms to environmental change)
is not always straightforward for animals14. In order to project
current and future suitable habitats for each species, we use
consensus projections extracted from multiple species distribution
models, several up-to-date high-resolution regional climate models
and land cover change scenarios, where the latter two originate
from recently finished EU projects. First, we ask whether species
sensitivity to climate and land cover change is randomly
distributed across a functional tree of the European avifauna,
depicted as a dendrogram based on interspecific functional
distances. Second, we test whether functionally unique species
(species bearing singular combination of traits) are projected to
experience more-severe changes in suitable climates and habitats
than species bearing more common trait syndromes. Third, we ask
whether changes in species habitat suitability influence the richness
(that is, the number of species bearing each function) and FD
of different guilds. To do so, we investigate species richness and
FD in diet, feeding behaviour and location, and activity and body
mass over Europe. By investigating whether the FD in feeding
behaviour and location within each diet type (and similarly for the
other trait types) responds to global change, we identify the
functions that will likely increase or decrease in frequency and
diversity. Finally, we test for spatial structure in expected change of
FD. To this end, we map current and future FD of bird
assemblages, and we investigate spatial changes in regional FD
across Europe. Under the assumptions that bird species will track
their suitable climate and land cover, we showed that species
bearing unique trait combinations were not more sensitive than
other species, and that the trait diversity of some guilds was
projected to change drastically (that is, insectivores) while other
guilds should not be strongly affected. Overall, the spatial
distribution of trait diversity should change across Europe,
leading to functional homogenization of its avifauna.
Results
Species sensitivity to climate and land cover changes. Species
sensitivity to both climate and land use change is estimated as
the change in the amount of suitable habitat assuming that all
species fully disperse to newly suitable habitats and track their
shifting niche without any response lag. Most species are pre-
dicted to shift their range North- and up-ward11, with a moderate
increase in the amount of suitable habitat for most species under
the A1B scenario (Fig. 1a; Supplementary Fig. 1 for the other
regional climate and land cover scenarios). This implies that,
although several species are predicted to lose a substantial part
of their current suitable habitat (Fig. 1b; Supplementary Fig. 1B),
the majority is predicted to find larger extents of suitable
habitat elsewhere in Europe under future conditions (Fig. 1a;
Supplementary Fig. 1A).
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Species sensitivity distribution along the functional tree.
Among European bird species, we find only a weak, non-
significant relationship between relative changes in the size
of suitable habitat area following climate and land cover
change and the position of species on the functional tree
(Fig. 2; Supplementary Fig. 2 and Supplementary Table 1). This
demonstrates that no group of functionally similar species is
predicted to be particularly sensitive or insensitive to global
change. This is surprising since large body mass and other life
history traits usually predispose species to increased extinction
risks26. Importantly, functionally unique species are unlikely
more sensitive to environmental change than are functionally
less unique species (Supplementary Table 2). The functional
uniqueness of species is therefore not clustered on the
phylogenetic tree of the European avifauna (Fig. 3).
Change in richness and diversity across functional groups.
Interestingly, the projected species richness and FD within each
of the five groups of analysed traits (diet, feeding behaviour,
feeding location, feeding activity and body mass) show diverging
patterns in response to environmental changes (Fig. 4 for diet,
Fig. 5 for feeding behaviour and Supplementary Figs 3–5 for the
other traits). Whereas the mean and variance in body mass per
pixel did not significantly change (Supplementary Fig. 5), there
was a noticeable increase in the mean species richness of inver-
tebrate diet and picking and pecking feeding behaviour with
environmental change. Interestingly, this increase in species
richness for these two specific diet and feeding behaviour groups
is not followed by an increase in FD (as measured by mean pair-
wise functional distance (MFD)), whether or not we consider all
traits or single traits. In other words, the increase in species
richness for the invertebrate diet will not result in a higher
diversity in feeding behaviour or feeding locations. This is
because all of these behaviours are already represented within
each pixel. In summary, our results reveal an increase in redun-
dancy for invertebrate diet and picking and pecking feeding
behaviour. On the contrary, other diet groups are projected to
experience an increase in species richness per pixel, while their
FD is projected to decline at the same time (Fig. 4) such as, for
instance, bird assemblages with a vertebrate diet. The diversity of
feeding behaviours within the vertebrate diet group is projected to
slightly decrease, resulting in a decrease in complementarity. In
contrast, the fish diet group is projected to experience decreased
FD in feeding behaviours and locations, without an associated
change in species richness.
Current and future trait diversity distribution. The spatial
distribution of the overall FD (calculated as MFD with all traits
included) was calculated on a pixel basis among species that were
projected to be present at each time period. Our analyses reveal
that the projected FD of the avifauna is not homogenously
structured across Europe under current conditions, with northern
regions and Atlantic coasts having the largest FD and the Eur-
opean Alps and centre of Iberian Peninsula having the lowest.
However, despite these projections, European biogeographic
regions are not equally affected (Fig. 6). Under current condi-
tions, northern Europe and the northern UK currently exhibit
markedly higher bird FD compared with central Europe (for
example, southern Germany), the centre of the Iberian Peninsula
and the outer Alps (Fig. 6). Under projected global change,
however, the marked difference between Northern and central
Europe tends to be reduced. In particular, mountainous regions of
central and southern Europe are projected to experience marked
increase in FD. For southern Scandinavia (that is, nemoral and
boreal regions) we predict reduction in FD in many parts. In
other words, the expected upward shift of suitable habitats for
European birds in central European mountains may lead to a
relative increase in FD (assemblages being functionally less
redundant). In contrast, for northern latitudes, we predict
assemblages to become functionally more redundant. The simu-
lated differences between the various climate and land cover
scenarios are relatively small and do not greatly alter spatial
patterns (Fig. 6). In general, under the A1b climatic scenario and
the associated GRAS land use scenario, the projected changes are
the most marked, with stronger relative increase in FD in the Alps
and at centre of the Iberian Peninsula, and stronger relative
decrease in northern UK and southern Scandinavia than under
the A2 and B1 scenarios (Fig. 6).
Discussion
The analysis of joint climate and land cover change impact on the
FD of an entire species group over large spatial scales are
challenging. Our study addresses these challenges and presents
an unique large-scale assessment of the potential impacts of
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Figure 1 | Distribution of changes in suitable habitats and loss in
currently suitable habitats. Histograms representing the projected relative
change in suitable habitats (a) and loss in currently suitable habitats (b) (in
percentage) under the A1b emission scenarios by 2080, using the RCA30
regional climate model driven by the ECHAM5 global circulation model and
ensembles of five species distribution models. The y axis represents the
number of species for each class of projected change in suitable habitats. In
a, most of species are projected to experience between ÿ 2% and þ 5% of
change in suitable habitats (with negative values standing for a loss in
suitable habitat while positive values are a gain).
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combined climate and land cover changes on the FD and richness
of European avifaunal assemblages. Our study addresses
important drawbacks of most existing global change risk
assessments. In methodological terms, our study is one of the
first to model the response of species to both regional climate and
land use changes. For instance, Thuiller et al.27 quantified the
influence of climate change on the PD of European biota but only
focused on climate change as simulated from global (not regional)
circulation models and ignored potential additional effects of
projected land cover change. As suggested by Barbet-Massin
et al.
28, we estimate the climatic and land cover requirements of
species for the whole western Palearctic region including
northern Africa. This allows us to account for species that may
immigrate to Europe from North Africa, and ensures that the
ecological requirements of the modelled species were fully
captured. These estimates are consistent with recent analyses on
the same group of species28 and slightly less alarming than
previous studies29. The divergence from results of Huntley et al.29
likely originates from inclusion of the southern and eastern
range limits of the modelled European bird species in North
Africa and the Middle East28. In addition, we use the latest
release of regional climate models (RCMs) and also include land
cover variables that certainly buffer the direct effects of
climate change. Finally, we have employed ensemble-forecasting
methodologies by combining highly predictive species
distribution models (Supplementary Fig. 6 to generate robust
projections and, thus, use four different RCMs and three
socioeconomic scenarios in order to incorporate into our
projections all recognized sources of uncertainty.
In summary, we show that, although the overall functional
avian diversity of Europe is expected to only weakly
change under projected climate and land cover change, some
regions might experience increased functional complementarity
(for example, the European Alps), or simply an increase in
species richness per guild (for example, Boreal and Nemoral
regions). Overall, this reshuffling should lead to a functional
homogenization of Europe, with most combinations of traits
occurring being available everywhere in the landscape.
This result complements the current opinion that the global
avifauna is experiencing functional homogenization due to the
loss of specialist and proliferation of generalist species9. In our
case, the causal factors are slightly different as this
homogenization is due to a spatial re-structuring of
assemblages and, notably, the arrival of species with new
combinations of traits in specific regions (that is, artic and
alpine) increasing their functional complementarity. Thus,
assemblages with projected increases in FD may provide
enhanced ecosystem functioning as a result of more efficient
resource use, a beneficial effect that is projected to occur
primarily in mountain areas. In any case, we show that species
richness in a given guild is not predicted to dramatically drop,
meaning that no key functional groups (that is, top predator) are
predicted to go locally extinct, which could have had important
consequences on trophic cascade.
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Figure 2 | Link between the European functional tree of bird life and species sensitivity to climate change. Species sensitivity measured as
change in suitable habitat and mapped on the functional tree of the avifauna for one emission scenario (A1B) by 2080, using the RCA30 regional climate
model driven by the ECHAM5 global circulation model and ensembles of five species distribution models. Species sensitivity was log-transformed
(log(CHS-1-min(CHS)) for this analysis.
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Interestingly, our results demonstrating species with unique
combinations of traits are not disproportionally sensitive to
climate and land cover change mirror a recent analysis carried out
for 32 fish species in France30. This study evaluates the potential
impact of climate change on fish assemblages and reports that
those species at high risk of local extinction are not necessarily
those bearing the most unique combination of traits. Our results
for European birds show the same trend. Having used effect traits
instead of response traits might explain this pattern, as there is no
a priori reason to believe that particular combinations of effect
traits should negatively influence the response of species to
environmental change.
The projected changes we present may lead to an increase in
richness of species with invertebrate diet and pick and peck
feeding behaviour, which, in turn, may have an impact on human
well-being through the enhancement of natural pest control31.
Indeed, an increase in richness of species with invertebrate diets
would likely benefit pest control and associated ecosystem
services, although the regions that need it most (southern
European countries with economies that are highly dependent
on agricultural yields) are projected to experience reductions in
these services32. However, our results need to be treated with
caution as the overall FD within the invertebrate diet group and,
more specifically, the diversity of feeding behaviours and
locations are not projected to change. In other words, change
in the richness of species with an invertebrate diet will most likely
result in an increase in predation but not in the variety of
predation behaviours and locations. More importantly, some diet
groups (for example, vertebrate diet) are likely to experience an
increase in the mean species richness across Europe, together with
a decrease in diversity of feeding behaviour and location. Other
groups, such as fish-eating diet, may experience a decrease in FD
that is decoupled from changes in species richness. The outcome
of such projected changes on complementarity requires
additional analyses in order to deduce regional consequences
on ecosystem services. Indeed, the link between traits, ecosystem
functioning and ecosystem services is far from trivial14 and is
influenced by quantity of other factors not explicitly modelled
here, such as community assembly rules and land use practices.
Additionally, our modelling framework does not explicitly
account for interspecific competition, which could impede the
increase in species richness in some groups. Projected change in
species richness is thus likely to be the maximum change when
competition within a guild does not influence the pure effects of
climate and land use change. However, this is also important to
note that at the resolution of our study (10 arc-minutes, roughly
0 0.05 0.1 0.15 0.2 0.25 0.3
Functional uniqueness
Figure 3 | Functional uniqueness of the European avifauna mapped on the phylogenetic tree63. There was no significant phylogenetic signal of functional
uniqueness (Pagel’s lambda likelihood ratio test P40.05 (ref. 61)). Functionally unique species were not more closely related to each other than
if sampled randomly along the phylogeny.
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19 km in Europe), the outcome of competitive interactions might
be moderate as the spatial heterogeneity and the area of a pixel
might buffer competitive exclusion within a guild.
Our study thus provides clear evidence that the repercussions
of projected climate and land use change on FD of European
avifauna assemblages is moderate, despite the likely negative
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Figure 4 | Species richness and functional diversity per diet type across Europe under current and three future climate and land cover scenarios. Each
bar of the boxplot (sample size ¼402 species) represents the median, first and third quartiles (defining the filled box) and minimum and maximum
values (error bars excluding outliers) of the distributions of: species richness (a), MFD considering all remaining traits except diet (b), MFD considering
feeding behaviour only (c) and MFD considering feeding location only (d) mapped over Europe. The y axis represents the number of species (a) and the
MFD values per functional group (b–d). Colour code is indicated in a. Species number per feeding behaviour is indicated in d. Only projections for
climatic scenarios by 2080 and modelled under the RCA30 regional climate model are represented. The influence of regional climate models is represented
in Supplementary Fig. 8.
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Figure 5 | Species richness and functional diversity per feeding behaviour type across Europe under current and three future climate and land
cover scenarios. Each bar of the boxplot (sample size ¼402 species) represents the median, first and third quartiles (defining the filled box) and minimum
and maximum values (error bars excluding outliers) of the distributions of: species richness (a), MFD considering all remaining traits except feeding
behaviour (b), MFD considering diet only (c) and MFD considering feeding location only (d) mapped over Europe. y axis represents the number of species
(a) and the MFD values per functional group (b–d). Colour code is indicated in a. Species number per feeding behaviour is indicated in d. Only projections
for climatic scenarios by 2080 and modelled under the RCA30 regional climate model are represented. Dig¼ digging, Gle¼ foliage-gleaning,
Graz¼ grazing, Turn¼ overturning, Pick¼ picking/pecking/stabbing, Poun¼ pouncing, Sally¼ sally. The influence of regional climate models is
represented in Supplementary Fig. 8.
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impacts of these changes on individual species ranges11. One
major beneficial effect of environmental changes relates to the
projected increase in species with invertebrate diets, which could
ultimately influence pest control, but which could also negatively
influence pollination services. These detrimental effects relate to a
decrease in FD in Northern Scandinavia that might ultimately
reflect reduced ecosystem functioning in an arctic region.
However, relatively small changes in FD may be paralleled by
high regional turnover of individual species that results in
substantial changes in trophic relationships that accompany
altered species assemblages4.
Methods
Statistical analyses. All analyses have been carried out in the R environment33
(specific functions within specific package are indicated in brackets).
Species distribution data. Presence–absence data for all European species were
obtained from the EBCC atlas of European breeding birds34 that we further
completed for northern Africa and eastern Europe using geo-referencing and
digitizing breeding bird distribution maps from the handbooks of the birds of the
Western Palaearctic35 at a 0.5° resolution. We did not consider seabirds in our
analysis as climate and land cover variables may not be the most relevant drivers of
the restricted terrestrial distribution of their breeding sites. Moreover, our spatial
analysis has focused on projected changes in Europe. Therefore, we considered
only those species that have their current breeding ranges at least partly included in
Europe and we removed species with less than 20 occurrences for statistical
modelling reasons. From the total list of European breeding and resident bird
species, we finally retained 402 species. For all modelled species, we considered
their whole Western Palaearctic range (including North Africa and the Middle
East) in order to model the full extent of their environmental niche28.
Environmental data. Current climate was represented by five bioclimatic
variables from the Worldclim database36 at 0.5° resolution for calibrating the
models and 100 resolution for projecting them. These variables were as follows:
temperature seasonality (intra-annual standard deviation * 100), maximum
temperature of the warmest month, minimum temperature of the coldest month,
precipitation of the wettest month and precipitation of the driest month
(Supplementary Table 3).
Future climate by 2080 (2051–2080) was represented by a set of RCM runs
originating from the ENSEMBLES EU project, which has physically downscaled
global circulation model (GCM) data generated for the 4th assessment report of the
IPCC37. We used three available SRES scenarios38 for these models, namely A1b,
A2 and B1. RCMs downscale the very coarse resolution climate model output of
CGMs (usually 1–2° Lat/Lon per grid cell) to a much finer spatial resolution
(usually 10–300 Lat/Lon) on a physical process basis. To this end, an RCM is fed at
the study area boundaries by the global output of GCMs in order to provide
boundary conditions and global weather input for the downscaling. We have
used three different RCMs, namely HadRM3, RCA3 and RACMO2 (refs 39–42),
fed by three different GCMs (HadCM3, ECHAM5 and CCSM3) and resulting
in four RCM/GCM combinations (Supplementary Table 4). All RCM scenarios
were interpolated to the same 100 spatial resolution for 30-year monthly mean
values of temperature and precipitation. On the basis of these monthly values, our
five bioclimatic variables of the Worldclim database were calculated for future time
steps.
Current land cover for the whole Palearctic was represented by GLOBCOVER
2009 (https://earth.esa.int/web/guest/pi-community) at 300m resolution. We up-
scaled the data to the resolution of the species distributions (0.5°) and 100
resolution for projection under current and future conditions by calculating the
area fraction of each land cover type within each pixel. We used the level 1
classification (that is, built-up areas, arable lands, permanent crops, grasslands,
forests and others) that is consistent with the EU CORINE classification on which
the land cover scenarios were based.
Bird species distributions are also influenced by the structure of the vegetation.
Despite the fact that it is difficult to accurately represent the structure of the
vegetation mosaic at 0.5° and 100 resolutions, we estimated the Simpson diversity
index using the fraction of each land cover class as a weighting scheme.
A1b climatic scenario
GRAS land use scenario
li i i
l i
Mean functional distance Change in mean functional distance (%)
–7 100.52 0.62
B1 climatic scenario
SEDG land use scenario
Current conditionsi i
A2 climatic scenario
BAMBU land use scenario
Figure 6 | Mean pair-wise functional distance and its projected changes across Europe under current and future conditions. Large panels
represent the per pixel functional diversity of European avifauna. Small panels show the relative change in functional diversity between future and current
conditions.
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Future land cover data were taken from the EU-funded ALARM and
ECOCHANGE projects43–45. The ALARM land cover change scenarios provide
annual fractions of land use for eight main land use/cover categories per 100
resolution grid cell (that is, % built-up, % cropland, % permanent crops, %
grassland, % forest, % biofuels (liquid, non-woody or woody) and % land in
succession) and for the period 2006–2080. We then retained the period 2051–2080
to be consistent with the climatic data. The countries covered are those of the
EU25 plus Switzerland and Norway. We removed % of biofuel and % of
land in succession that were not available for calibrating the models
(period 1961–1990).
We retained three storylines that are consistent with the climate change
scenarios: (1) GRAS–Growth Applied Strategy, in which deregulation, free trade,
growth and globalization will be policy objectives actively pursued by governments.
Environmental policies will focus on damage repair and limited prevention
based on cost benefit calculations. There is no emphasis on biodiversity. This
scenario is considered equivalent to A1b; (2) BAMBU (Business-As-Might-Be-
Usual) in which policy decisions already made in the EU are implemented and
enforced. At the national level, deregulation and privatization continue except in
‘strategic areas’. Internationally, there is free trade. Environmental policy is
perceived as another technological challenge. This scenario is considered equivalent
to A2; and (3) SEDG (Sustainable European Development Goal) that enhances the
sustainability of societal development by integrated social, environmental and
economic policies. The scenario aims for a competitive economy and a healthy
environment, gender equity and international cooperation. It represents a
normative scenario with stabilization of GHG emissions. This scenario is
considered equivalent to B1.
Given the land cover scenarios were only available for the EU25 plus
Switzerland and Norway, species projections into the future were only carried out
over those 27 countries.
In summary, models were calibrated and projected in time using five
bioclimatic variables, five land cover type variables and one land cover diversity
variable under four RCMs and three emission scenarios.
Functional-trait information. Trait information for the 402 modelled birds was
extracted from the Handbook of the Birds of the Western Palaearctic35. Missing
species and data were gathered from species publications and Internet websites
treating avifauna. The traits were as follows: body mass, diet (invertebrates,
vertebrates, vegetal, fish and carrion), feeding behaviour (pursuit (air and/or
aquatic), sally, foliage-gleaning, pouncing, grazing, picking/pecking/stabbing,
digging, overturning and probing), feeding location (water, mud, ground, canopy
and air) and activity (nocturnal, crepuscular and diurnal). For diet, feeding
behaviour, and feeding location and activity, each subcategory was expressed as a
binary variable (0 or 1) to make sure that a species could be assigned to several
strategies. In our study, we did not consider traits that can only be measured with
reference to the surrounding environment, such as nesting habitats. We did so
because of the circularity in the methodology as changes in land cover (defining the
surrounding environment) are implicitly accounted for in our modelling
framework. We preferred to constrain our analyses to a specific set of traits that
was relevant to understand the implications of environmental change on
community assembly12.
Species distribution modelling. Species distribution models were calibrated over
the whole western Palearctic biogeographic zone at a resolution of 0.5° and then
projected into the future over EU25 plus Switzerland and Norway at 100 resolution.
By this, we considered the whole Western Palaearctic range (including North
Africa and the Middle East) to calibrate models for the full extent of the niches of
species28 and to allow species that currently occur only around the margins of
Europe to potentially migrate into the EU25 as the climate becomes suitable.
An ensemble of forecasts of species distribution models46,47 was obtained for
each of the 402 species. The ensemble included projections with Generalized
Additive Models, Boosting Regression Trees, Classification Tree Analysis, Multiple
Adaptive Regression Splines and Random Forest. Models were calibrated for the
baseline period using 65% random sample of the initial data and evaluated against
the remaining 35% data, using the True Skill Statistic (TSS48) and the Area Under
the receiver operating characheristic Curve (AUC). This analysis was repeated five
times, thus providing a fivefold internal cross-validation of the models (biomod
package49 in R33). The quality of the models was very high to excellent with an
average AUC and TSS of 0.97 and 0.87, respectively (Supplementary Fig. 6), while
for the least well-modelled species, the ensemble model quality reached an AUC of
0.93 and a TSS of 0.7, which are traditionally considered as good predictive
performance48.
For each species, we projected the probability of occurrence within each 100
resolution pixel under both current and future conditions as a weighted sum of
occurrence-probability projections made by the five modelling techniques run over
five subsamples. This modest downscaling at a scale of 1:3 from models calibrated
at 0.5° to 100 projections has been shown to be well suitable at such spatial extent
and resolution50. The weighting scheme for building ensembles was proportional to
the TSS statistics for each modelling technique and cross-validation (that is, the
techniques that delivered the most accurate models had the highest weights).
Probabilities of occurrence were further transformed into binary maps using the
value that maximized the TSS score as a threshold.
Dispersal ability. Not all species are expected to disperse at the same rate and
distance. However, the information about natal dispersal was not known for all the
402 species. To estimate what could be the uncertainty associated to the non-
inclusion of natal dispersal, we gathered the information on natal dispersal for 74
species from Paradis et al.51 and Barbet-Massin et al.11 For these 74 species, we
then estimated the projected change in habitat suitability accounting for natal
dispersal, and further compared them with the ones estimated, assuming no
dispersal constraints (change in habitat suitability (CHS)). The results for these 74
species confirmed that the non-inclusion of natal dispersal into the modelling
procedure for the 402 species should not change the outcome of the analyses
(Supplementary Fig. 7). For the time considered (100 years), most species
should be able to reach their suitable habitats in terms of climate and land
cover change.
Species sensitivity to climate and land use change. Each ensemble of species
projections for current and future conditions were converted into a metric of
species sensitivity27. CHS measures the relative change in suitable climate and land
use. It corresponds to the total suitable area projected into the future under the
assumption of unlimited dispersal minus the total suitable area projected on the
current conditions, with the resulting quantity divided by the total suitable area
projected on the current conditions. There was no relationship between CHS and
the predictive performance of the models (Supplementary Table 5).
The metric was averaged across Species  Model  Scenario  RCM
combinations.
Functional distance and the functional tree of bird life. We first log-trans-
formed and normalized body mass prior to all analyses. We used a mixed-variables
coefficient of distance that generalizes Gower’s coefficient of distance to allow for
the treatment of various types of variables when calculating distances52. Euclidean
distance was used for body mass, while the Sorensen distance53 (S7 coefficient of
Gower and Legendre54, function dist.ktab in ade4) was used for binary data types—
for example, for each subgroup of diet and feeding behaviour trait. Then, we used
hierarchical clustering to build the most reliable dendrogram of all species in
functional-trait space, employing an average agglomeration method (UPGMA,
function hclust)55. The functional dendrogram expressed 78% of the original
distances between species (Mantel correlation between the original distance matrix
and the distance matrix from the dendrogram equaled 0.78, P-value o0.001 with
9,999 randomizations, function mantel in vegan56).
Functional uniqueness and link with species’ sensitivity. We adapted the
Evolutionary Distinctiveness index57, which measures the relative contributions of
species to PD, for use in a functional context. First, for each branch of the
functional dendrogram, we estimated a value equal to its length divided by the
number of species subtending the branch. The functional uniqueness of a species is
simply the sum of these values for all branches from which the species is
descending, to the root of the functional dendrogram (function originality in ade4
(ref. 58). We calculated the strength of the signal between the functional tree and
the measure of species sensitivity estimated for the range of climate and land use
projections. We used the robust measure proposed by Abouheif59 to test for serial
independence to detect a functional signal in species sensitivity (function
abouheif.moran in ade4). We tested the strength of the phylogenetic signal in
functional uniqueness using Pagel’s lambda statistic and its associated likelihood
ratio test60,61. To test the link between functional uniqueness and species sensitivity
to climate and land use change, we calculated Pearson’s correlation between the
functional uniqueness of species and their expected sensitivity to the range of
climate and land use projections.
Species richness per group and FD. We estimated the species richness for each
category of each functional trait per pixel. We estimated the mean assemblage body
mass per pixel (instead of species richness), given that body mass is a continuous
variable. To calculate FD, we used the MFD between all species present in a pixel.
This index is a classic metric in community ecology5, represents an unbiased
estimate of the variance of the trait considered and is not correlated with species
richness (function mpd in picante62). This was calculated for all traits together (for
example, Fig. 4) and also within functional groups. For the latter, we re-calculated
the functional distance matrix without the trait considered (for example, diet) and
calculated the MFD for all remaining traits (Fig. 3b) and for single trait (for
example, feeding MFD per diet type, Fig. 3c) within pixel. We analysed the
variability to RCMs for MFD for diet and showed that the results were little
sensitive to this variability (Supplementary Fig. 8).
For the spatial distribution of MFD, we simply mapped the MFD on the
geographic space. Relative change in MFD between current and future conditions
was estimated as equation 1:
DMFD ¼ 100 MFDtþ 1 ÿMFDtð Þ=MFDt ð1Þ
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The 2011 meeting of the European Ecological
Federation took place in Ávila, Spain, from 26th
September to 29th September. The French
Ecological Society (SFE) and the Foundation
for Research on Biodiversity (FRB) sponsored a
session entitled ‘Evolutionary history, ecosystem
function and conservation biology: new perspec-
tives’. We report on the main insights obtained
from this symposium.
Keywords: conservation; phylogenies diversity;
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1. INTRODUCTION
The ongoing global biodiversity crisis requires that
scientists develop ways to strategically allocate conserva-
tion efforts [1]. Among these is the proposal to directly
integrate information on the evolutionary relationships
between species (phylogenies) into the definition of
biodiversity conservation priorities [2,3]. Over the past
two decades, phylogenetic approaches have become
increasingly prominent in the conservation literature
[4,5]. Our symposium brought together a broad array
of speakers from North America and Europe, who
gave an overview of the challenges and perspectives of
the use of phylogenies in conservation.
2. CONSERVING PHYLOGENETIC DIVERSITY
(a) Phylogenetic diversity and
ecosystem function
Throughout the symposium, speakers reminded us why
it may be critical to preserve phylogenetic diversity.
Marc Cadotte (University of Toronto) and Nicolas
Mouquet (CNRS, Montpellier) focused on the hypoth-
esis that more phylogenetically diverse assemblages
maintain higher function [6,7]. Cadotte summarized
his 2008 meta-analysis of plant communities suggesting
that phylogenetic diversity explains plant productivity
better than other measures of diversity [6]. Further-
more, he presented new findings that suggest
phylogenetic diversity can enhance ecosystem stability:
using the long-term plant biodiversity experiments at
Cedar Creek [8], he found that above-ground biomass
production is more stable in communities composed
of distantly related species. Matching results from
plant communities, Mouquet and co-workers found
that more phylogenetically diverse marine microbial
assemblages are more productive [9]. However, when
the same bacteria were allowed to evolve in a new
environment [7], this relationship weakened, presum-
ably as a result of adaptation. Mouquet concluded
with a call for understanding evolutionary mechanisms
that allow (or not) phylogenetic diversity to be used as
a proxy for ecosystem functioning.
(b) The tree of life facing global change
If preserving phylogenetic diversity matters, measuring
how much of the tree of life has been and will be
affected by global change is crucial [10,11]. Sandrine
Pavoine (National Museum of Natural History, Paris)
presented an approach for evaluating how the phyloge-
netic composition of communities changes over time.
Applying this method to rockfish communities in
Southern California, Pavoine et al. [10] identified the
particular rockfish lineages that were most affected by
human activities.
To predict the extent towhich phylogenetic diversity is
at risk, researchers have contrasted scenarios of random
species loss with predicted losses based on forecasts of
extinctions [12–14], typicallybasedon species extinction
risk under the IUCN Red List (www.iucnredlist.org).
Predicted losses are typically much higher than expec-
ted under random extinctions, because species at risk
are clustered in the phylogeny [14]. Jonathan Davies
(McGill University) illustrated this clustering for the
flora of the South African Cape [15]. Wilfried Thuiller
(CNRS,Grenoble), however, found onlyweak clustering
for European birds, mammals and plants vulnerable to
climate change, as predicted using species distribution
models under various climate change scenarios [11].
These contrasting results suggest that current threat
status as assessed by the IUCN Red List may provide a
poor picture of extinction risk linked to forthcoming
climatic changes. On the other hand, risk projections
based on species distribution models currently omit
other sources of vulnerability such as large body sizes or
habitat degradation. Future research needs to combine
both inorder toobtainbetter predictionsof extinctionrisk.
(c) Phylogenetic diversity in
conservation planning
Phylogenetic diversity is arguably a better measure of
biodiversity than species richness [3] and it can be
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targeted directly in conservation planning [16], but
does it make a difference? Davies showed that, in the
South African Cape flora, a focus on species classified
as threatened according to IUCN criteria will preserve
relatively little phylogenetic diversity, as these species
are associated with short phylogenetic branches corre-
sponding to recent diversification [15]. However, as
Ana Rodrigues (CNRS, Montpellier) noted, conserva-
tion is usually not done on a species-by-species basis
but rather using a site-based perspective. She found,
using a global mammal dataset, that networks of the
protection areas based on species distribution data, or
on poorly resolved phylogenies, are nearly as efficient
at representing overall phylogenetic diversity (estimated
by the sum of branch lengths) as networks obtained
by directly maximizing phylogenetic diversity itself
[17]. These results, which confirmed earlier results on
birds [16], suggest that when perfect phylogenetic infor-
mation is lacking, poorly resolved phylogenies, or
even taxonomic diversity, can be used as surrogates in
conservation planning.
Phylogenetic trees have received much less attention
in real-world conservation than in conservation research.
In order to understand why phylogenetic diversity is not
integrated in applied conservation, Marten Winter
(Helmholtz Centre for Environmental Research, Halle)
analysed 154 published papers that mentioned ‘phyloge-
netic diversity’ and ‘conservation’. He found that only
very few of them really proposed concrete recom-
mendations. However, Winter also noted that it had
taken 20 years for global change knowledge to be inte-
grated into policy, and that some recently applied
programmes integrating phylogenetic diversity, such as
Evolutionary Distinct and Globally Endangered
(EDGE; [18]), are now emerging. Hence, the time for
more concrete recommendations for the preservation
of phylogenetic diversity may be ripe.
3. USING PHYLOGENIES TO HELP
CONSERVATION
(a) Making use of the mismatches between
various facets of diversity
The phylogenetic structure in species distributions
is being increasingly used in community ecology to
understand the processes driving community assembly
[19,20], but such process based approaches have
rarely been considered in conservation biology. Conser-
vation biologists have rather mapped various facets of
diversity with the goal of understanding where and
what diversity is at risk [21], finding spatial mismatches
between taxonomic, phylogenetic and functional diver-
sity. This spatial mismatch was illustrated by Vincent
Devictor (CNRS, Montpellier) for French birds [21],
and by Laure Turcati (University Pierre et Marie
Curie, Paris) for plants in the Île de France. Laure
Zupan (University of Grenoble) described a mismatch
in patterns of phylogenetic diversity for mammals,
birds and amphibians in Europe, suggesting challenges
in preserving the phylogenetic diversity of distinct
groups simultaneously. Devictor emphasized that we
must now go beyond describing these mismatches
towards a better understanding of mechanisms,
suggesting that analysing the spatial distribution of the
temporal trends in various diversity measures could
help us to understand what are the processes driving
these trends.
(b) Incorporating macroevolution into
conservation research?
Sébastien Lavergne (CNRS, Grenoble), Franck Jabot
(Cemagref, Clermont-Ferrand) and Hélène Morlon
(CNRS, Paris) brought a macroevolutionary perspec-
tive to the symposium. Presenting results of niche
evolution in European birds, Lavergne suggested that
models of trait evolution may be useful to assess the
capacity of lineages to adapt to a changing environ-
ment, and thus to detect highly threatened clades.
Lavergne and co-workers compared the rate of evol-
ution of three different types of ecological niches:
species climatic requirements, their habitat require-
ments and their food requirements. Deconstructing
the niche in this way could shed light on the facets of
species niches that are most evolutionarily labile or
which tend to be conserved over time. In the future,
rate estimates of trait evolution may also be incorpor-
ated into species distribution models, which currently
ignore the potential capacity of species to adapt.
Jabot & Morlon [22] focused on methods for
detecting lineages or areas of high evolutionary poten-
tial. Morlon presented approaches stemming from
macroevolutionary models that provide estimates of
present-day diversification rates and how these rates
vary across lineages [23,24]. Such estimates could indi-
cate which lineages or clades have the greatest chance of
diversifying in the future, or conversely, which ones are
the most prone to extinctions. Morlon suggested that
character-dependent diversification models [25,26]
could similarly be used to assess the evolutionary poten-
tial of lineages based on their traits. Finally, treating the
geographical location of species as characters [27], these
models could allow detection of areas with high evol-
utionary potential. Making use of phylogenies and
species’distributions to detect areas of high evolutionary
potential has been proposed previously [28]. However,
using simulations [29,30], Jabot showed that current
methods for identifying such areas, which evaluate
neo-endemism from species’ ranges and phylogenetic
divergence, can be misleading. Maximum-likelihood
methods, which use more of the information contained
in molecular phylogenies in a model-based framework,
should be much more powerful. This, however, remains
to be tested.
Macroevolutionary models provide promising ave-
nues. However, it is not at all yet clear whether the rates
of trait evolution and diversification estimated over
macroevolutionary time scales are relevant to present-
day conservation. There was a consensus that a lot
more tests are still needed to understand how much
macroevolution can be useful for practical conservation.
4. CONCLUSION
When we organized the symposium, we wondered
whether there was a future for phylogenies in conser-
vation, and if yes, what it would look like. We were
surprised by how positive many of the talks were about
the promise of phylogenetic approaches in conservation,
Meeting report. Phylogenies and conservation J. Rolland et al. 693
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and by the diversity of methods and tests that have been
recently developed. Although it is uncontestable that
manymore tests are needed to convince conservationists
that phylogenetic diversity is of interest in conservation,
and that more efforts need to be made by researchers to
provide concrete recommendations to conservationists,
we were able to identify some important avenues for
future research.
We thank the SFE and the FRB for sponsoring the session.
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Aim Understanding what drives spatial patterns of biodiversity is a major goal in the 
biogeographical research agenda. Three main forces are usually considered the main 
drivers of biodiversity at large spatial scales, i.e. climatic suitability, energy 
availability and environmental heterogeneity. Their respective importance to 
simultaneously explain several taxa and how their importance varies with spatial 
scale, are poorly known. 
Location pan-Europe  
Methods Using Boosted Regression Trees that allow for non-linear relationships and 
extracting variable importance, we related European vertebrate species richness 
(birds, amphibians and mammals) to a set of climatic, habitat heterogeneity and 
energy indicators. We compared the relative importance of these variables to explain 
species richness both at the continental and ecoregional scales. 
Results We found that the dominant type of land cover and the actual 
evapotranspiration, two proxies for energy availability, were the main correlates of 
vertebrate species richness over Europe. Four groups of ecoregions have been 
identified according to their similarities in main determinants. Ecoregions where 
species richness was essentially associated to (1) climatic variables (i.e. seasonality of 
temperature), (ii) energy availability (i.e. actual evapotranspiration or mean annual 
temperature), (iii) climate (seasonality of precipitation) and energy (actual 
evapotranspiration and land cover) and (iv) and an even combination of the drivers. 
This typology of ecoregions remained valid for the three vertebrate taxa taken 
altogether or individually. 
Main conclusions Although land cover and actual evapotranspiration dominate 
species richness patterns of the three taxa and total species richness at the continental 
scale, we showed a regional variability in the relative importance of the drivers. Our 
study provides one of the first descriptions of the variability in the ranking of drivers 
based on a multiple scale and multiple taxa approach.  
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INTRODUCTION 
 
Explaining biodiversity patterns remains one of the most challenging issues in 
ecology and evolution (e.g. Gaston, 2000; Gaston & Blackburn, 2000; Pimm & 
Brown, 2004). Research on species pools has provided many conceptual frameworks 
and theories describing processes shaping biodiversity on different spatial scales and 
grains, but also from an evolutionary (millennia) to an ecological (decades to 
centuries) perspective (e.g. Pianka, 1966; Whittaker et al., 2001; Thuiller et al., 2006; 
Kozak & Wiens, 2012; Tscharntke et al., 2012). 
 
From the local to the regional ecological scale, environmental (also known as habitat 
or niche) filtering, (Zobel, 1997); (ii) species interactions (Hardin, 1960; MacArthur 
& Levins, 1967) and (iii) neutral processes (Hubbell, 2001) are the three main 
mechanisms that have been advocated to govern the composition of species pools. At 
broader geographic extents, these mechanisms eventually fuse in broader mechanisms 
based on climate, energy and heterogeneity that act at the continental and global 
scale. At such geographical extents, solar radiation defines macroclimatic conditions 
of temperature and rainfall. Climate is also involved in the phylogenetic history of a 
biogeographical region (Kozah & Wiens, 2012). Climate is notably influencing 
speciation, extinction, and dispersal (Ricklefs, 2004; Allen & Gillooly, 2006), by 
increasing carrying capacities or because of species’ particular physiological 
requirements met by warm and wet climatic conditions (Currie et al., 2004). 
Furthermore, the stability in climatic conditions partly determines primary producers 
and water-energy balance (commonly estimated by evapotranspiration), and through 
them, ecosystem productivity and animal species richness as well (Hawkins et al., 
2003; Evans et al., 2005B; Field et al., 2009). A positive species-energy relationship 
is frequently explained by the ability to support larger population sizes (Brown, 1981) 
but there are several pathways linking species and energy (see Clarke & Gaston, 
2006). For instance, an increase in productive energy may result in more available 
resources (either in the diversity of resources or their amount), potentially more rare 
resources and, thus, facilitate co-existence of a larger number of specialist species 
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(already proposed by Brown 1981), a lower extinction risk and long food chains 
(Evans et al., 2005B). A recent meta-analysis by Cusens and colleagues (2012) 
provided a strong support for positive species-productivity relationships across 
diverse animal taxa. Although the species-energy theory is interrelated to climate to 
drive the geographical distribution of energy, habitat heterogeneity may play a role as 
well. The habitat heterogeneity hypothesis assumes that complex habitats are to 
susceptible to provide more diverse niches and ways of consuming resources 
resulting in a higher number of co-existing species (MacArthur & Wilson, 1967; 
Bazzaz, 1975; Tews et al., 2004). Furthermore, habitat heterogeneity, e.g. resulting 
from topographic variability, may influence the distribution and accessibility of 
resources. As a consequence, species richness may increase with heterogeneity but 
then decrease as heterogeneity is too strong and disrupt accessibility to resources. All 
three theories are related and may operate at different scale of observation (O’Brien et 
al., 1998; Whittaker et al., 2001; Whitton et al., 2012).  
!
Considering that all three hypotheses presented in this introduction are connected, to 
a certain extent, to climatic conditions, one could assume that global patterns of 
species richness are strongly associated with macroclimatic patterns. Still, it is less 
certain that climate is the only driver of species richness when looking at continental 
or smaller biogeographical units (e.g. ecoregions). An increasing number of studies 
explored broad scales species richness patterns but only a few focused on the spatial 
variability of the drivers of species richness patterns (Davies et al., 2007). The main 
objective of this study will be to address this research gap. To this end, we will 
investigate how climate, energy availability and habitat heterogeneity influence 
patterns of species richness of terrestrial vertebrates of the European continent and 
across the European regions.  
The European continent is not only densely populated but has also a long history of 
human activities resulting in highly diversified landscapes. Consequently, we would 
expect that the mechanisms underpinning species richness patterns might change 
from one European region to another but also from one taxa to another. For instance, 
climate may be the main driver of species richness in northern European countries 
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dominated by boreal forests but less important to determine species richness patterns 
in the urban-rural mosaic of more densely populated of central Europe. Spatial 
patterns of ectothermic species may be more correlated to spatial patterns of 
temperature than endothermic species. To account for spatial patterns and biotic 
specificities, we will investigate the patterns of species richness including species 
from three groups of terrestrial vertebrates (mammals, breeding birds and 
amphibians) at the continental scale but also within ecoregions.  
 
The potential human impact on species richness at broad geographical extent has 
merely been investigated (Davies et al., 2007; Yamaura et al., 2011; Hansen et al., 
2011) other than with a “climate change” point of view. Human activities may affect 
ecosystems in various ways from changes in climatic conditions or anthropisation of 
lands. Human activities are thus susceptible to influence the three tested hypotheses. 
The diversity of European landscapes is very appropriate to include anthropogenic 
pressures in the test of climatic suitability, energy availability and habitat 
heterogeneity effect on species richness. Human activities may interact with habitat 
heterogeneity through fragmentation of ecosystems, which we will take into using 
various landscape metrics. Finally, human activities may alter productivity by the 
diversion of energy by and for human use. This latter phenomenon will be accounted 
for by incorporating the Human Appropriation of Net Primary Production, a measure 
of human impacts on the availability of NPP in ecosystems resulting from land use 
(HANPP, Haberl et al., 2007). 
 
 
MATERIAL AND METHODS 
 
Biodiversity distribution data 
 
The area covers the entire European sub-continent including Turkey. The recent 
release of the species’ distribution data of three groups of terrestrial vertebrates 
(amphibians, birds and mammals) over the pan-European continent (Maiorano et al., 
2013) enables testing which ecological theory best explains broad-scale biodiversity 
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patterns. We used data on 275 mammals, 429 breeding birds and 102 amphibians that 
were compiled from Maiorano et al. (2013). For mammals and amphibians, the 
primary data were extent of occurrences (EOO) collected from the IUCN Global 
Mammal and Amphibian Assessments (IUCN, 2013). For bird species, data on EOO 
available from Hagemeijer & Blair (1997) were combined with those available from 
the BWPi2.0.1 DVD-ROM (Birds of the Western Palearctic interactive 2006, version 
2.0.1). All distribution data were compiled at a 10’ resolution. Maps of species’ 
distribution were then overlapped and summed up so to estimate species richness per 
pixel for three species group taken individually and all together. 
 
Environmental variables 
 
We selected three sets of environmental variables to appropriately test three main 
macro-scale hypotheses on species richness, namely “species-energy relationship” 
(SER), “habitat or environmental heterogeneity hypothesis” (HHH) and “climatic 
suitability hypothesis” (CSH). The relevance of those variables to explain species 
richness have been extensively documented (e;g. Evans et al., 2005A; Thuiller et al., 
2006; Davies et al., 2007; Rahbek et al., 2007; Whitton et al., 2012). Besides, we 
complemented this list of variables with several landscape structure indices and the 
net primary productivity appropriated by humans (i.e. HANPP, Haberl et al., 2007), 
to account for human impact on landscapes. Net primary productivity left after 
harvest (NPPeco sensu Krausmann et al., 2013), actual evapotranspiration (AET), 
annual mean temperature (Bio1), the dominant land cover type (GLC_maj), which 
defines the type of land cover associated to a given level of NPPeco and AET, and 
HANPP, a measure of land-use intensity (HANPP, Haberl et al., 2007), were chosen 
to represent SER. CSH was estimated by temperature seasonality (Bio4), annual 
precipitation (Bio12), and precipitation seasonality (Bio15). HHH was described 
using several landscape structure indices, i.e. land cover diversity (GLC_simp), patch 
size coefficient of variation (patchSize), aggregation index (Aggreg) and terrain 
ruggedness (TRI). The correlations between variables were check at the continental 
scale and by ecoregions. Despite stronger correlation coefficients between AET and 
Bio12, HANPP and NPPeco, or between patchSize and GLC_simp, the mean 
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Pearson’s correlation coefficient, calculated on absolute values, was low (i.e. 0.21, 
with a standard deviation of  0.2) at the continental scale, are comparable across 
ecoregions. The variables are listed and briefly described in Table 1, where they are 
grouped according to the appropriate hypothesis.  
 
Geographical extent and reference grid 
Following Mücher et al. (2009), we divided the pan-European continent, and Turkey, 
into 15 ecoregions (Figure 1), representing a wide variety of landscapes (e.g. steppes, 
forests, mountains) and geographical condition along climatic gradients. These 
ecoregions are derived from the Environmental Stratification of Europe, based on 
climate and geomorphology (Metzger et al., 2005).   
Over the area studied, species richness and environmental variables were combined 
along a 10' resolution reference grid mapped in the 1984 version of the World 
Geodetic System (WGS 84), using ArcGIS 10.0 and R.3.0.1. (R development Core 
Team, 2013).  
 
Analysing species richness patterns 
We used boosted regression trees (BRTs) to explain the variance of species richness 
across Europe and to quantify the relative importance of the predictors (Breiman, 
2001). BRTs belong to the family of non-parametric, machine learning models, which 
makes no assumption on the distribution of target or explanatory variables. BRTs use 
the principle of decision trees, which explain the variance of a target variable by 
fitting simple models for partitions of the entire data space. These partitions are 
derived by splitting up the data space in a binary fashion while the explanatory 
variables minimising predictions errors are selected. BRTs combine many simple 
decision trees in an ensemble (i.e., boosting) by adding trees in a forward and stage-
wise fashion to minimise the loss function of the model (Elith et al., 2008). BRTs 
have several advantages over statistical models such as the robustness against missing 
and collinear data, the ability to handle non-linear relationships and to address 
variable interactions (Hastie et al., 2011; Elith et al., 2008), as well as the tendency to 
not overfit the data by introducing stochasticity in the modelling process by randomly 
withholding a subset of data while fitting the model (Dormann et al., 2013). 
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Generally, BRTs combine high predictive accuracy with good interpretability of 
results (Friedman, 2001), which lead to an increasing popularity for applications 
regarding land system science (Levers et al., 2014; Müller et al., 2013) but also 
ecology (Leathwick et al., 2006; De'ath & Fabricius, 2000).  
To calibration BRTs, four parameters have to be specified. First, the number of trees 
(nt), which defines the amount of single decisions trees of which the BRT model 
consists. Second, the tree complexity (tc), which defines the model complexity in 
terms of allowed interactions between predictors. Third, the learning rate (lr), which 
is a shrinkage parameter determining the contribution of each single decision tree 
within the entire BRT model. And fourth, the bag fraction, which defines the 
percentage of input data that is withheld while fitting the model. A detailed 
mathematical introduction to BRTs is provided by Hastie and colleagues (2011) and a 
hands-on tutorial by Elith and colleagues (2008). 
We used our set of explanatory variables to explain patterns of total species richness 
and species richness subdivided into vertebrate taxa for entire Europe in (1) a global, 
wall-to-wall, approach and (2) stratified by ecoregions. After testing for parameter 
sensitivity, we set tree complexity to 2, learning rate to 0.01, and bag fraction to 0.5. 
The number of trees was automatically determined by using the gbm.step routine 
provided by the dismo package. The performance of the model was assessed using the 
percent of explained deviance which compare the null deviance to the residual 
deviance of the evaluation dataset (Elith et al., 2008). To interpret results, we 
assessed the relative contribution of each explanatory variable and ranked them 
accordingly to identify the most influential variables. Subsequently, we generated 
partial dependency plots (PDPs) to interrogate the relationship between target and 
each explanatory variable with a relative importance above that expected by chance 
(see Levers et al., 2014; Müller et al., 2013). PDPs show the influence of a certain 
explanatory variable along its data range on the target variable (Friedman, 2001). 
Thus, non-linear relationships can be visualised and thresholds or optimum peaks can 
be attributed to specific data ranges. For better interpretability, we smoothed the 
response curves with a spline interpolation. For all analyses we used the dismo 
package (Hijmans et al., 2013) in R (R Development Core Team, 2012).  
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RESULTS 
 
Distribution of species richness in Europe  
 
Species richness of all taxa varied across ecoregions (Table 2). The lowest levels of 
richness were found in the Arctic region for mammals (44 species), amphibians (4 
species), birds (210 species) and total species richness (258 species). At the opposite, 
the Continental region supported the highest level of species richness for birds (351 
species). The highest number of mammals (178 species) and amphibians (79 species) 
were encountered in the Southern Alpine region and Mediterranean mountains, 
respectively. Finally, the highest species richness, all taxa considered, was found in 
the Northern Mediterranean region (550 species).  
 
Vertebrate species richness patterns over pan-Europe and across ecoregions 
 
At the pan-European scale, variables related to the SER revealed to be the best 
predictors of each taxa and total species richness. However, the performance of the 
models describing patterns of total (36.29% of species richness variance explained by 
the model) and avian (31.59% of explained variance) species richness, were 
significantly lower than the performance of the models relating mammals (91.3% of 
explained variance) and amphibians (90.98% of explained variance) (Table 3). 
Productive energy with AET and the type of environment determining energy 
availability, i.e. GLC_maj, explained the highest part of the spatial variability of the 
total species richness (i.e. 75.01% and 24.11% respectively, Table 3). A sigmoid, yet 
positive, curve related AET to total species richness (see Figure 3A as an illustration). 
Total species richness strongly increased between 20 and 40 mm/yr of AET so as to 
high levels of AET sustain higher levels of species richness. The other environmental 
variables showed only a marginal influence on vertebrate species patterns (Table 3). 
Species richness patterns of amphibians and, especially, birds were also better 
explained by SER, but with a prominent role of AET (explaining 36.52% and 64.2% 
of the variability in amphibian and avian species richness patterns) and, to a lesser 
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extent, GLC_maj (16.13% and 17.9% respectively). In the particular case of 
amphibians, the amount of energy diverted by human, HANPP, was also an important 
predictor of species richness (16.24%). PDP showing avian species richness and AET 
revealed a sigmoid curve similar to the relationship between total species richness 
and AET (Figure 3A and B). Comparatively, the relationship between amphibian 
species richness and AET formed a hump-shaped curve with a maximum of predicted 
species richness at approximately 50 mm/yr of AET. Generally, higher AET values 
relate to higher amphibian species richness, however, beyond approximately 60 
mm/yr of AET predicted species richness abruptly decreases (Figure 3C). PDPs 
showing the relationship between mammal richness and the main predictor, i.e. 
GLC_maj, showed that the number of mammal species was higher in pixels 
dominated by croplands (classes 11, 14 and 20), closed forests (classes 50 and 70) or 
mosaic of grasslands, forests and shrublands (class 120) and closed to open 
shrublands (class 130) (see Figure 3D). Mammal species richness was lower in open 
habitats (classes 90, 110, 140), sparse (class 150) or regularly flooded (class 180) 
vegetation, water bodies (class 210) and snow (220) (see Appendix 1 for the 
description of classes).  
 
At the ecoregion level, BRT models yielded a high explanatory power as well (on 
average 63.07% on average with a standard deviation of 16.37; Table 3) but the 
relative contribution of the predictors strongly varied across ecoregions. The SER 
was the best model to explain total species richness in Arctic, Boreal, Continental, 
Mediterranean Mountains, Northern Mediterranean, and Steppic ecoregions. 
Reversely, CSH best explained total species richness patterns in Northern and 
Southern Alpine, Central and Northern Atlantic, Nemoral, Pannonian, Lusitanian, 
Southern Mediterranean and Anatolian ecoregions (Table 4). Indeed, ecoregions can 
be clustered into four groups depending on their profile of correlations between 
environmental variables and species richness patterns (Table 4 and Figure 2). Figure 
2 illustrates the four clusters: (i) Arctic, Boreal, Continental and Steppic ecoregions 
where AET explained 59.36% to 96.94% of species richness variability ; (ii) Northern 
Alpine, Northern Atlantic, Nemoral and Central Atlantic ecoregions where Bio4 
explained 46.31% to 98.5% of the variability of total species richness ; (iii) Southern 
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Alpine, Pannonian, Anatolian, Lusitanian, and Southern Mediterranean regions which 
have in common that the most contributing predictor is related to CSH (i.e. Bio4, 
Bio12 or Bio15) but had a more even contribution of all predictors ; (iv) 
Mediterranean Mountains and Northern Mediterranean ecoregions where species 
richness is primarily explained by a SER variable but also by variables from CSH and 
HHH(Table 4).  
PDPs revealed a sigmoid relationship with a sharp increase of predicted species 
richness at an AET of 30 to 40 mm/yr approximatively (illustrated in Figure 4A) for 
all ecoregions but the Continental one and Mediterranean Mountains, which showed a 
decelerating or accelerating unimodal trend, respectively (Figures 4B and 4E). In 
Northern Alpine, Northern Atlantic, Nemoral and Central Atlantic, total species 
richness increased with temperature seasonality (Bio4) (Figure 4 C and D). In the 
case of Lusitanian, Mediterranean mountains and Southern Mountains, vertebrate 
richness showed a similar decreasing trend with precipitation seasonality (Bio15) 
(Figure 4F). Finally, in the case of Southern Alpine, Pannonian, Northern 
Mediterranean and Anatolian ecoregions, the profiles of relative contributions of the 
different environmental variables were too diversified to find similarities among 
regions. PDPs representing the relationship between total species richness and 
predictors for each ecoregion are provided as Supporting Information (Appendix 2). 
The results of the similar analyses performed by ecoregions on taxa individually, 
revealed to be very similar to the trend observed at the pan-European scale. In order 
to remain concise, these results will not be further described. 
DISCUSSION 
 
Our results are in line with previous findings pinpointing that SER dominated 
continental patterns of species richness (Hawkins et al., 2003 Ecology; Evans et al., 
2005B; Buckley & Jetz, 2007; Hortal et al., 2008). One step further, we found that it 
was not necessarily true at the ecoregion scale. Specifically, the continental pattern of 
species richness is mainly driven by the GLC_maj, AET, and Bio1, while we found 
little support for a significant effect of spatial heterogeneity, at the spatial resolution 
considered. By contrast, SER and CSH are alternatively validated along ecoregions as 
the ranking of predictors varies. If our results support a positive relationship between 
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species richness and productivity as described by Cusens and colleagues (2012), the 
shape and the slope of a significant relationship between species richness and the best 
predictor are susceptible to change from one ecoregion to another. For instance, total 
species richness usually increases with AET but is clearly hump-shaped-like in the 
Continental region. Likewise, total species richness increases with Bio1 in most 
ecoregions but tends to decrease in Pannonian and Lusitanian regions or hump-
shaped-like (or unimodal) in Southern Alpine and Anatolian regions. Such hump-
shaped curves are often attributed to the intermediate disturbance hypothesis which 
states species richness is maximized by intermediate frequency and magnitude of 
disturbances (Grime, 1979). In our case, by elevated evapotranspiration and/or 
temperature. A strong competition at higher productivity levels can explain such 
decelerating curves too. It is generally considered that biotic interactions act at a 
small scale and cannot be detected at the macro-scale but recent works suggest the 
opposite (Heikkinen et al., 2007; Peers et al., 2013). 
SER and CSH are difficult to disentangle because they are not mutually exclusive. In 
that sense, our work highlights the synergy of macro-ecological mechanisms scarcely 
described in previous biogeographical studies (but see Gaston, 2003; Whitton et al., 
2012). For instance, species’ physiological tolerance to climatic conditions increases 
with solar energy (Kerr et al., 1998). Temperature, a climatic feature, estimates 
ambient energy that influences species range through physiological or metabolic 
constraints. This duality is particularly relevant for amphibians that are very sensitive 
to the combination of ambient energy (i.e. temperature) and moisture (related to 
precipitations) (Rodriguez et al., 2005; Buckley & Jetz, 2007). Climatic conditions 
also influence vegetation patterns and, to a certain extent, the dominant type of land 
cover, which, in return, may have consequences on vertebrate patterns through energy 
availability and habitat characteristics (Hawkins et al., 2005; Heikinheimo et al., 
2012).  
The ranking of total species richness determinants is much more contrasted in 
southern ecoregions of Europe. Precipitations (i.e. Bio12 and Bio15) replace 
temperature seasonality as first contributors of Southern Alpine, Lusitanian, Southern 
Mediterranean and Anatolian ecoregions and are also influent in Mediterranean 
Mountains. More importantly, HANPP, NPPeco and HHH variables have higher 
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contributions in the latter ecoregions, and Mediterranean ecoregions, than in the other 
parts of Europe. These ecoregions represent a wide range of habitats from 
mountainous landscapes in the Southern Alpine to steppe-like relief of the Pannonian 
ecoregion, and climates from the humid Mediterranean-like climate of the Lusitanian 
ecoregion to the dry Continental climate of the Pannonian ecoregion. The increasing 
contribution to HANPP or HHH variables may originate from several phenomena. In 
mountainous ecoregions (Southern Alpine and Mediterranean mountains for 
instance), the amount of energy available for species, NPPeco, may be heterogeneity 
distributed due to elevation and topographic variability. Besides, mountainous 
landscapes potentially select for more specific and specialized fauna, leading to 
species turnover along the altitudinal gradient. In Pannonian, Northern and Southern 
Mediterranean or Anatolian ecoregions, the long past of diversified agricultural 
practices may explain the significant contribution of HANPP, NPPeco and GLC_simp 
to spatial species richness patterns. Among the three vertebrate taxa investigated, 
amphibians are the most sensitive to their habitat characteristics and the potential 
preys. The significant contribution of HANPP, compared to landscape indicators, 
suggest that patterns of amphibians are more sensitive to changes in primary 
production than habitat fragmentation at broad scale. However, the relationship 
between amphibians and HANPP is clearly positive at the continental scale, in the 
Southern Alpine, Pannonian and Southern Mediterranean ecoregions (Appendix 3). 
Species richness patterns of birds were best explained by the productive energy and, 
in particular, water-energy balance (AET). The strong spatial overlap between birds 
and water-energy balance predominates in the Arctic and Steppic regions, 
characterized by sparse tree-less vegetation and harsh climatic conditions (hard frost 
in Arctic, alternation of frost and drought in Steppic) (Appendix 4). But, the BRT 
model performance was lower in the case of birds than for other taxa or total species 
richness, which may be related to the biotic homogenization of European birds 
demonstrated by Le Viol and colleagues (2012). The avian taxa is the richest in terms 
of species richness, among the three taxa studied. Thus, the low performance of the 
BRT model relating avian species richness to predictors at the continental scale, 
could be an explanation to why the BRT model performance on total species richness, 
was low. Although biotic homogenization might be a widespread phenomenon, it 
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may not be occurring (yet) for mammals and amphibians. Besides, even if all taxa 
and total species richness are primarily correlated to SER variables, the variables 
ranking is not completely similar. Birds are mainly affected by productive energy. So 
are amphibians but they are also responding to HANPP and the type of land cover. 
On the other hand, spatial patterns of mammals are first correlated to land cover. 
Clearly, the three taxa respond the macro-scale hypothesis in a different way and 
ecological conclusions on spatial patterns of species richness may not be generalized 
to individual taxa. 
 
We cannot exclude that the conclusions drawn here depend on our classification of 
potential determinants of vertebrate species richness into three, a priori defined 
hypotheses. Alternative classifications could be proposed. As an example, Bio1 could 
be classified as a climatic factor or Bio12 as a factor for energy availability. The little 
contribution of spatial heterogeneity proxies may be explained by a scale discrepancy 
between our study and the relevant scale for habitat heterogeneity to shape species 
richness patterns. Another explanation to this lies in the high difficulty to delineate 
habitat heterogeneity that varies across scales: from the mosaic of small patches to 
topographic heterogeneity (Tews et al., 2004) but also from physical (e.g. 
topography, vegetation structure) to climatic variability (seasonality) that is usually 
associated to species-climate stability, another species richness theory. Another 
explanation for the low contribution of HHH variables is given by Fløjgaard et al. 
(2011) who found that heterogeneity may principally influence endemic or 
widespread European mammal species but not the total species richness, the latter 
being mainly determined by macroclimatic conditions. Finally, we cannot rule out 
that habitat heterogeneity acts at a smaller scale and our results on patterns of 
mammals may support this statement. Actually, the sites with the highest number of 
species locally co-occuring (i.e. within a 10’ pixel) identified by Maiorano and 
colleagues (2013; see Figure 5 in their article) overlap well with mountainous 
landscapes (i.e. Mediterranean mountains, Lusitanian and Southern Alpine regions) 
where topographic variability acts at the scale of the square meter.  
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To conclude, it is worth noting that current biodiversity patterns are probably best 
explained by changes that occurred at the beginning of the past century (Helm et al., 
2006; Dullinger et al., 2013) like it has been demonstrated in several taxa (e.g. plants, 
Lindborg & Eriksson, 2004; Aggemyr et al., 2012; several trophic levels, Krauss et 
al., 2010; birds, Eglington et al., 2012). The accelerating rate of conversion of natural 
land cover to agricultural fields, urban areas or other types of exploitation, deeply 
altered habitat characteristics (e.g. energy availability, biotic corridors) and 
sustainably imprinted current and future biodiversity (Dullinger et al., 2013). Like 
many species, productivity, resources availability and climatic conditions beneficial 
for human life, determine human use of land covers. So, facing climate change and a 
growing human population, the response of biodiversity to changes may also vary, in 
space and time, according to future climate- and human-driven transitions of land use. 
While it is expected that the number of species will decrease at the global scale 
(Thomas et al., 2004), species richness may increase in cooler regions experiencing 
warming, or arid regions experiencing more moisture availability, based on SER 
(Hawkins et al., 2003). Notwithstanding that changes in species richness may not be 
perceptible but changes in abundance or community composition may occur (Brown 
et al., 2001). Using a similar spatial decomposition, it would be interesting to tease 
out which mechanisms shapes phylogenetic, taxonomic, and functional diversity 
depending on the scale of observation and the biogeographical unit (but see Flynn et 
al., 2008). More research on the variability of communities’ structure and species 
abundances in pan-European ecoregion is required. 
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Table 1. Environmental variables characterizing macro-scale hypotheses for 
biodiversity patterns.“SER” stands for the “species-energy relationship” hypothesis. 
“HHH” relates to “environmental heterogeneity” hypothesis. “CSH” represents the 
“climatic suitability” hypothesis.  
 
  Code Description Unit 
Related 
to 
hypothes
is 
Relevance 
Data 
source 
Human 
Appropriation of 
Net Primary 
Production 
HANPP 
Mean land use intensity for the 
year 2000 estimated at 10' from a 
5' grid 
tC/yr SER 
HANPP integrates many 
sources of anthropogenic 
pressures (agricultural 
intensification, urbanisation, 
etc.) that affect the amount of 
trophic energy available for 
wild-living species 
Haberl et 
al. (2007) 
Net Primary 
Production left 
after harvest  
NPPeco 
Mean NPP left for the year 2000 
estimated at 10' from a 5' grid 
tC/yr SER 
Represents the amount of 
energy converted into vegetal 
organic matter and available 
for free living consumers to 
turn into biomass 
Actual 
evapotranspiration 
AET 
Quantity of water removed from 
a surface due to the processes of 
evaporation and transpiration 
mm/y
r 
SER 
AET is directly related to 
vegetation productivity and 
represents the balance 
between water and energy 
ATEAM 
Dominant land 
cover type 
GLC_maj 
Calculated as the dominant 
global land cover (GLC) 
category in each 10' pixel of the 
reference grid 
- SER 
GLC_maj helps define what 
kind of habitat is associated to 
the amount of energy given by 
NPPeco and AET in a pixel. 
For instance, two pixel with 
the same NPPeco value may 
be dominated by different 
types of habitat 
Global 
Land 
Cover 
2009 
map, 
ESA-JRC 
Land cover 
diversity 
GLC_simp 
Caluclated using simpson's 
diversity index on all 1km² land 
cover pixels found in each 10' 
pixel of the reference grid 
- HHH 
Is the related to the variability 
(or heterogenity) of habitats 
and thus the complexity of the 
landscape 
Patch size 
coefficient of 
variation 
patchSize 
Variability is estimated as a 
percentage of the mean size of 
patches (here patches are the 
1km² land cover pixels of GLC) 
in a given landscape (i.e. 10' 
pixel of the reference grid) 
- HHH 
Helps to compare the relative 
variability of land cover types 
among landscapes 
Aggregation index Aggreg 
Calculated as the mean of 
aggregation index value of all 
land cover types in a 10' pixel 
- HHH 
Depicts the tendency of patch 
types to be spatially 
aggregated that is landscape 
texture 
Terrain ruggedness TRI 
Topographic heterogeneity based 
on amount of elevation 
difference between adjacent cells 
m HHH 
Is related to the variability of 
elevation in a given location 
(i.e. a 10’ pixel)  
Riley et 
al. (1999) 
using 
SRTM30 
data 
Annual mean 
temperature 
Bio1 
Annual mean temperature for the 
1960-90 period 
°C SER 
Is related to the amount of 
solar energy available in an 
ecosystem that is assumed to 
influence evolutionary rates 
and the balance between 
thermoregulation and growth 
or reproduction 
WorldCli
m Global 
Climate 
Data 
Temperature 
seasonality 
Bio4 
Based on the standard deviation 
of temperature for the 1960-90 
period  
°C CSH 
Define the climatic stability of 
a location 
Annual 
precipitation 
Bio12 
Annual trends of precipitation for 
the 1960-90 period 
mm CSH 
Relates to the amount of 
energy available 
Precipitation 
seasonality 
Bio15 
Coefficient of variation of annual 
precipitations for the 1960-90 
period 
- CSH 
Defines the climatic stability 
of a location 
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Table 2. Number of species per ecoregion for all taxa together and by taxa. 
Sp. richness  
Ecoregion 
All taxa Mammals Birds Amphibians 
Arctic 258 44 210 4 
Northern Alpine 437 109 312 16 
Boreal 395 89 292 14 
Northern 
Atlantic 
363 72 272 19 
Continental 535 151 351 33 
Nemoral 384 85 280 19 
Atlantic Central 366 84 261 21 
Steppic 518 176 317 25 
Southern Alpine 533 178 305 50 
Pannonian 418 105 286 27 
Lusitanian 368 87 251 30 
Med. Mountains 542 156 307 79 
Northern Med. 550 162 313 75 
Southern Med. 517 145 297 75 
Anatolian 362 113 229 20 
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Table 3. Relative contribution of environmental variables to explained variance of the 
Boosted Regression Trees models of patterns of species richness of each vertebrate 
group at the pan-European scale. Bold figures reveal the main contributors to BRT 
models. Environmental variables are detailed in Table 1. The performance of each 
model is given by the percent of deviance explained (%dev). 
 
 
 All taxa Mammals Birds Amphibians 
%dev 36.29 91.3 31.59 90.98 
HANPP 0.28 6.10 0 16.24 
NPPeco 0 0.32 0 3.01 
AET 75.01 19.07 64.2 36.52 
GLC_maj 24.11 42.65 17.9 16.13 
GLC_simp 0 0.72 0 3.17 
patchSize 0 0.08 0 0.7 
Aggreg 0.31 0.45 0.27 0.83 
TRI 0 1.30 3.58 1.76 
Bio1 0 17.07 1.75 5.80 
Bio4 0 8.58 7.89 10 
Bio12 0 0.66 0 1.89 
Bio15 0.29 2.99 4.41 3.93 
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Table 4. Relative contribution of environmental variables to explained variance of 
the Boosted Regression Trees models of patterns of terrestrial vertebrate species 
richness at the pan-European scale and by ecoregions. “Arc”: Arctic; “AlpN”: 
Northern Alpine; “Bor”: Boreal; “AtlN”: Northern Atlantic; “Cont”: Continental; 
“Nem”: Nemoral; “AtlC”: Central Atlantic; “Step”: Steppic; “AlpS”: Southern 
Alpine; “Pan”: Pannonian; “Lus”: Lusitanian; “MedM”: Mediterranean Mountains; 
“MedN”: Northern Mediterranean; “MedS”: Southern Mediterranean; “Ana”: 
Anatolian. Bold figures reveal the main contributors to BRT models. Environmental 
variables are detailed in Table 1. The performance of each model is given by the 
percent of deviance explained (%dev). 
 
 
  Arc AlpN Bor AtlN Cont Nem AtlC Step AlpS Pan Lus MedM MedN MedS Ana 
%dev 56.22 48.72 43.10 84.35 73.55 93.04 50.52 37.26 77.38 48.89 77.82 72.97 53.66 62.88 65.68 
HANPP 0 0 0 3.35 2.00 3.05 0 1.01 8.16 7.59 3.80 3.88 7.85 9.55 9.61 
NPPeco 0 0 0 4.76 1.73 1.17 0 0 12.64 9.85 9.95 3.36 6.01 9.82 9.94 
AET 96.94 3.20 62.62 15.51 63.09 16.25 0.84 59.36 6.05 5.81 12.83 29.57 13.94 10.60 5.38 
GLC_maj 0 5.46 2.84 14.21 2.99 7.47 0 0 8.11 3.22 10.58 11.61 16.25 13.33 5.73 
GLC_simp 0 0 0 1.76 1.79 1.09 0 0 4.11 9.49 4.67 4.28 8.26 5.31 8.07 
patchSize 0 0 0 2.21 2.09 0.72 0 0 2.93 11.27 3.74 2.19 5.78 3.07 5.60 
Aggreg 0 0 0 1.64 1.21 0.82 0 0 5.90 5.91 4.60 2.86 6.45 3.29 6.51 
TRI 0 0 0 1.73 2.58 0.49 0 0 3.53 4.12 9.08 2.79 5.94 6.65 4.50 
Bio1 0 0 34.20 1.60 3.60 1.44 0.67 0 16.92 8.96 6.75 5.59 6.12 4.70 12.03 
Bio4 0 91.33 0.34 46.31 12.36 60.54 98.50 21.37 4.56 22.53 7.88 5.36 10.67 12.60 10.66 
Bio12 3.06 0 0 3.99 2.72 3.36 0 18.26 20.50 5.87 5.43 5.32 5.71 3.84 7.79 
Bio15 0 0 0 2.91 3.85 3.59 0 0 6.60 5.38 20.69 23.20 7.01 17.23 14.20 
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Legends 
 
Figure 1. European ecoregions after figure 1 in Mücher et al. (2009).  
 
Figure 2. Different hypotheses explain pan-European species richness patterns. The 
ecoregions are coloured according to the hypothesis to which is related the best 
explanatory environmental indicator: ecoregions where species richness patterns are 
best explained by SER (AET) are in green, by CSH (Bio4) in blue while green dots 
and dash blue lines represent ecoregions where best predictor is related to SER and 
CSH respectively, but other predictors from the other hypotheses are almost as good 
predictors. 
 
Figure 3. Partial dependency plots representing the relationships between the 
predicted species richness of all vertebrates (A), of birds (B), of amphibians (C) and 
of mammals (D) and the main contributors identified by BRT models, namely AET 
for A-C and GLC_maj for D (see Appendix 1 for the description of land cover 
classes), at the continental scale.  
 
Figure 4. Examples of partial dependency plot representing the relationships between 
the predicted species richness of all vertebrates in Boreal (A), Continental (B), 
Northern Alpine (C), Northern Atlantic ecoregions (D) and Mediterranean mountains 
(E and F) and the main contributors identified by BRT models, namely AET for A, B 
and E, Bio4 for C-D and Bio15 for E.  
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Figure 4. 
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Appendix 1.  
 
Legend of land cover categories of GlobCover 2009.  
 
Further details are available in the updated Product Description and Validation 
Report of GlobCover 2009 (2011) at http://due.esrin.esa.int/globcover/ 
Code Land cover type 
11 Post-flooding or irrigated croplands 
14 Rainfed croplands 
20 Mosaic cropland (50-70%) / vegetation (grassland, shrubland, forest) (20-50%) 
30 Mosaic vegetation (grassland, shrubland, forest) (50-70%) / cropland (20-50%) 
50 Closed (>40%) broadleaved deciduous forest (>5m) 
70 Closed (>40%) needleleaved evergreen forest (>5m) 
90 Open (15-40%) needleleaved deciduous or evergreen forest (>5m) 
100 Closed to open (>15%) mixed broadleaved and needleleaved forest (>5m) 
110 Mosaic forest/shrubland (50-70%) / grassland (20-50%) 
120 Mosaic grassland (50-70%) / forest / shrubland (20-50%) 
130 Closed to open (>15%) shrubland (<5m) 
140 Closed to open (>15%) grassland 
150 Sparse (>15%) vegetation (woody vegetation, shrubs, grassland) 
180 Closed to open (>15%) vegetation (grassland, shrubland; woody vegetation) on 
regularly flooded or waterlogged soil – fresh brackish or saline water 
190 Artificial surfaces and associated areas (urban areas > 50%) 
200 Bare areas 
210 Water bodies 
220 Permanent snow and ice 
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Appendix 2. Partial dependency plots representing the relationships 
between the predicted species richness of all vertebrates and the main 
contributors identified by BRT models, (see Appendix 1 for the 
description of land cover classes), by ecoregion.  
 
 
A. Arctic ecoregion 
 
 
B. Northern Alpine 
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C. Boreal ecoregion 
 
 
D. Northern Atlantic ecoregion 
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E. Continental ecoregion 
 
 
F. Nemoral ecoregion 
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G. Central Atlantic ecoregion 
 
 
H. Steppic ecoregion 
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I. Southern Alpine 
 
 
J. Pannonian ecoregion 
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K. Lusitanian ecoregion 
 
 
L. Mediterranean Mountains 
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M. Northern Mediterranean ecoregion 
 
 
N. Southern Mediterranean ecoregion 
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O. Anatolian ecoregion 
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Appendix 3. Partial dependency plots representing the relationships between the 
predicted species richness of amphibians and HANPP at different scales.  
The performance of each model, given by the percent of deviance explained 
(%dev), is 90.98% at the European scale, 83.07% in the Southern Alpine 
ecoregion, 60.28% in the Pannonian ecoregion and 78.27% in the Southern 
Mediterranean ecoregion. 
 
 
Appendix 4. Partial dependency plots representing the relationships between the 
predicted species richness of birds and AET in two ecoregions.  
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Au-delà des espèces, comment protéger simultanément l’histoire évolutive, le fonctionnement 
des écosystèmes et les services procurés par la nature. 
Résumé La biodiversité est définie comme la variété et la variabilité du monde vivant sous toutes 
ses formes. Elle est souvent appréhendée par la richesse en espèces. Pourtant il existe d’autres 
« facettes » de la biodiversité (telles que la diversité phylogénétique et fonctionnelle) qui sont à 
considérer pour retracer la plupart des processus évolutifs et écologiques. Aujourd’hui la prise en 
compte de ces différentes facettes ainsi que les services des écosystèmes –bénéfices que les 
humains retirent directement des écosystèmes – sont au cœur de l’agenda Européen de la 
conservation. Cependant pour mettre en place de nouvelles actions, une meilleure compréhension 
des variations spatiales de ces différentes facettes et de leurs relations avec les services des 
écosystèmes est nécessaire. Ce travail visait à quantifier, décrire et comprendre la distribution de la 
richesse spécifique et de la diversité phylogénétique et fonctionnelle des tétrapodes d’Europe et 
leurs liens avec les services écosystémiques. L’étude des patrons spatiaux de la diversité 
phylogénétique pour différents groupes taxonomiques a montré une absence de coïncidence, une 
protection inégale et a permis d’identifier des zones d’histoire évolutive particulières indétectables 
avec l’étude de la richesse spécifique seule. Alors que les facteurs environnementaux liés au climat 
(comme la température ou la productivité primaire) semblent être parmi les plus déterminants pour 
expliquer la distribution de chaque facette de diversité, leurs influences varient selon la facette 
considérée. Enfin la comparaison de différents scénarios de conservation dans lesquels plus 
d’importance est donné soit à la protection de la biodiversité soit à celle des services des 
écosystèmes a mis en avant des relations complexes (synergies et compromis) et non prédictibles 
mettant en évidence les enjeux liés à la protection simultanée de plusieurs groupes d’espèces, 
plusieurs facettes de diversité et d’un éventail de services écosystémiques.   
Mots clefs : biodiversité, richesse spécifique, diversité phylogénétique et fonctionnelle, services des 
écosystèmes, conservation, zones protégées, tétrapodes, Europe.  
 
Beyond species, how to preserve evolutionary history, ecosystem functioning and services 
Summary Biodiversity is defined as the variety and variability of living organisms on earth and is 
often assessed through species richness. However, biodiversity is composed of other facets (e.g. 
phylogenetic and functional diversity) that need to be considered to account for evolutionary and 
ecological processes. Nowadays, considering these different facets of biodiversity together with 
ecosystem services – direct benefit human obtain from nature – is central in the European 
conservation agenda. However, in order to propose new planning strategies, a better understanding 
of the spatial variation of these different facets and their relationship to ecosystem services is 
necessary. The objective of this project was to quantify describe and understand better the spatial 
variation of different biodiversity facets and their links to ecosystem services. The study of spatial 
pattern of phylogenetic diversity for different taxonomic groups showed low coincidence between 
taxonomic groups and an unequal protection within the current European protected areas network. 
Moreover this allowed identifying areas of particular evolutionary history undetectable with the 
study of species richness alone. Although environmental factors related to climate (e.g. temperature, 
primary productivity) seemed to best explain each facets, their influences were showed to vary 
depending on the diversity facets considered. Finally a comparison of different conservation 
scenarios were priority is given either to the maximization of biodiversity protection or to the 
ecosystem services highlighted complex and unpredictable relationships (synergies and tradeoffs) 
and stressed out stakes linked to the simultaneous protection of different facets of diversity for 
different taxonomic groups and a set of ecosystem services.  
Keywords biodiversity, specific richness, phylogenetic and functional diversity, ecosystem 
services, conservation, protected areas, tetrapods, Europe 
